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Samples containing a complex blend of cells such as blood are information-rich, 
but require sample processing to extract meaningful results. Separation and sorting of blood 
cells is therefore critical to a variety of biomedical processing steps, including diagnostics, 
pharmaceutical purification, and improved study of cell biology. Unfortunately, 
commercially available blood sorting techniques have disadvantages including being labor 
intensive, deficient in accuracy, and high in cost to implement. A variety of microfluidic 
techniques utilizing label free biomarkers (size, stiffness, viscoelasticity and 
dielectrophoresis) have been used for blood sorting to increase automation and accuracy 
and decrease cost. But high throughput with high purity along with versatility is still 
challenging to achieve using a microfluidic platform.  
In this study, we have developed a novel, multimodal microfluidic platform for cell 
sorting which utilizes size and adhesion as label-free biomarkers. The size biomarker is 
chosen as it is a distinguishing characteristic of subpopulation of blood cells and is easily 
tied to hydrodynamic and inertial separation forces and fractionation methods. The 
adhesion biomarker is chosen to be a more specific sorting parameter since cell molecular 
interactions govern important physiological processes such as stem cell homing, 
inflammation, immune modulation, and cancer metastasis. The ability to continuously sort 
cells according to presence and degree of specific adhesion without using labels marks a 
unique capability in cell separation.  
The separation device consists of a microchannel with periodically arranged 
diagonal ridges. In the first part of the study, we have studied the impact of hydrodynamics 
xx 
 
caused by the diagonal ridges on microparticle flow and how it can be optimized for size 
based sorting. We find that the diagonal ridges create helical flow fields that impact similar 
particles of different z-positions differently. We have successfully demonstrated that by 
incorporating z-axis focusing of the sample inlet so as to position all particles to a uniform 
z-position, we can make consistent the particle exposure to transverse flow fields for more 
accurate size-dependent sorting. With this key insight we have substantially improved the 
efficiency and accuracy of size based sorting. We are able to sort particles with an 
enrichment factor of >104 for small particles and for >13 large particles at a throughput of 
2.8 X 106 particles/min. We are also able to sort white blood cells with an enrichment factor 
of 87 and recovery of 73% at a throughput of 107 cells /min. In this work, a novel three 
dimensional tracking algorithm is developed to analyze video microscopy for fast and 
accurate extraction of three dimensional trajectories of particles flowing inside the ridged 
microchannel. The extracted trajectories are used to understand the device working 
mechanism.  
In the second part of this work, we have studied the impact of specific molecular 
attachment to the diagonal ridges on cell trajectories and thus used it for adhesion based 
sorting. The unique aspect of this sorting design is the impact of the gap size on cell 
trajectories and cell kinetics, in which a sufficiently small gap size can lightly squeeze the 
cells while flowing under the ridged part of the channel to increase the surface area for 
interaction between the ligand on cell surface and coated receptor molecule but large 
enough so that biomechanical properties, namely stiffness and viscoelasticity, do not 
dominate the cell separation mechanism. This way we can flow cells at high flow rate to 
achieve high throughput, while maintaining sensitivity to adhesiveness. We are able to 
xxi 
 
successfully sort HL60 and Jurkat cells based on their PSGL-1 expression. We demonstrate 
26-fold and 3.8-fold enrichment of PSGL-1 positive and 4.4-fold and 3.2-fold enrichment 
of PSGL-1 negative Jurkat and HL60 cells respectively. We have also demonstrated the 
enrichment of PSGL-1 positive Jurkat cells to 3-fold using a five outlet fractionation 
device. The cells flow with a rate of 0.2 m/s or 0.54 million cells/s.  
We believe this simple and cost effective multimodal blood cell sorting device can 
be used to fulfill the unmet requirements of a point of care diagnostic tool with high 




CHAPTER 1. INTRODUCTION 
Blood plays an important role to access biomarkers in clinical diagnosis1-4. Blood 
constituents include plasma and cells, each with 55% and 45% volume fractions 
respectively. The cellular component of blood consists of erythrocytes (RBCs), leukocytes 
(WBCs), platelets and circulating rare-cells5. These cellular populations have different 
morphology, including shape and size. The cell population vary in count over a wide range, 
with erythrocytes (RBCs) 5 X109 cells/mL, leukocytes 5-10 X 106 /mL, platelets 2-5 X 108 
cells/mL  and rare cells 1 or fewer per mL of blood6 (Figure 1). These different cell 
populations must be sorted (process called apheresis), for variety of biomedical processing 
steps, including diagnostics, pharmaceutical purification, and improved study of cell 
biology. 
 
Figure 1 Blood cellular components with different size, shape and abundance. Size is 




In clinical diagnostics, platelet count is an indicator of impaired clotting and a 
marker for diseases such as leukemia or anemia7-8.  Immunophenotyping of WBCs to 
examine their capability to release pro- and anti-inflammatory cytokines is a very effective 
tool for diagnosis of immune diseases like AIDS and tuberculosis 9-10. RBCs counts are 
routinely used to diagnose diseases like anemia, sickle cell anemia, malaria, 
polycythemia11. Isolation of rare fetal cells such as fetal nucleated red blood cells 
(FNRBCs) from maternal circulation or cord blood is a non-invasive method of obtaining 
fetal DNA for prenatal genetic screening12-14 and FNRBCs enumeration is also associated 
with fetal aneuploidies or pregnancy complications15.  
In cell therapeutics isolation and purification of leukocytes is essential for 
monitoring disease progression 16 and assessment of patient immune responses to 
immunomodulatory therapies9-10. Removal of leukocytes from blood, leukapheresis, is 
essential to reduce the white blood cell count in treating leukemic patients as well as to 
retrieve blood stem cells in patient with hematologic malignancies. 17-18 Removal of all 
leukocytes before performing a blood transfusion is essential to minimize transmission of 
cell-associated infectious agents (cytomegalovirus, herpes virus, human T-cell lymphoma 
virus), graft rejection rates and prevent febrile transfusion reactions19. For example 
depletion of T-cells from umbilical cord blood20 increases efficacy of stem cell graft 
treatment21-23. Patients undergoing general surgery, organ transplants and trauma 
treatments frequently require platelet transfusion24. 
In cell biology, isolation of rare circulating tumor cells (CTCs) in blood for 
downstream molecular and cellular analysis has been of a great interest for both improving 
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cancer prognosis and understanding the cancer metastatic process25-28. Blood cell sorting 
studies are also carried to identify biomarkers for stem cells29. 
1.1 Design challenges for blood sorting devices 
Blood cell sorting systems are designed with requirements like able to process small 
volume blood samples, high component purity, cell quality, less processing time and high 
operation efficiency. These technical challenges are further aggravated by needs, such as: 
(i) removing RBCs from whole blood, (ii) avoiding spontaneous platelet-triggered 
agglutination, (iii) capturing rare cells such as CTCs from patient blood30, and (iv) targeting 
particular WBC subpopulations at various status31. 
1.2 Conventional blood sorting techniques 
Conventional macroscale blood sorting techniques include centrifugation, apheresis, 
chemical lysis and antibody based techniques, fluorescence-activated cell sorting (FACS) 
and magnetic-activated cell sorting (MACS) 32-39 as shown in            Figure 2. Centrifugation 
is commercially available, easy to conduct and the viability of fractionated blood cells is 
very high but it does not allow for high separation resolution, requires milliliters of blood 
for analysis which is not suitable for low-volume processing and requires dedicated labs 
and trained users. Because many leukocytes are designed to respond quickly to changes in 
their environment, they can easily be altered by handling procedures during the separation 
steps. Several studies document that the exposure of cells to improper stimuli during the 
blood processing steps can alter the original immuno-phenotype of the separated cells.40-41 
For example magnetic bead isolation in MACS can activate sorted cells. If these alterations 
occur, subsequent analysis may not be able to discriminate between the primary state of 
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target cells in the blood and the sample preparation artifacts. Also these techniques are 
inefficient because a significant portion of inactivated platelets are often lost either through 
high mechanical shear stress42 or the purification process directly 43. 
Macroscale flow-based protocols such as FACS or solid-state immobilization and 
capture of cells using MACS offers advantages like high specificity, high-throughput, 
commercial availability but are expensive and cannot reliably handle small number of cells. 
Fluid shear stresses in some devices and the use of fluorophores and antibodies may affect 
cell fate and function38. The use of FACS and MACs to sort rare circulating cells have 
limited success due to laborious sample preparations which introduce artifacts or lead to 
loss of desired cells 30. Although MACS is cheaper, it has a lengthy protocol and cell loss 
occurs due to multiple wash steps. 39 
 
           Figure 2 Commercially Available Blood Sorting Techniques. 31 
1.3 Microfluidics platform for sorting blood 
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Microfluidics offers a promising alternative to the conventional sorting methods 
since they have the potential to integrate the functionalities of sample preparation and 
analysis into a single enclosed chip, minimize reagent consumption, and can be 
inexpensively scaled for processing speed of the desired sample volume44-46. The 
microfluidic cell manipulation methods includes filters47, hydrodynamic sorting48, surface 
affinity sorting49, magneticly actuated methods50, acoustophoresis51, electrical methods52, 
aqueous two-phase systems (ATPS)53, optical methods 54, sedimentation55 and mimicking 
phenomena of the microvasculature56. 
Microscale filtration uses variations of size and deformability in cells to sort in which 
these properties are biomarkers of desired cell traits57. Filters are easily integrated with lab 
on a chip designs, but can only handle very small volumes due to clogging. Deformable 
rare cells such as CTCs may be damaged or lost as local perturbations in filters create 
conditions where extrusion through pores occurs, especially as the throughput is 
increased58. The isolation of larger cells from blood may be more challenging as large 
volume sample is required to get valid results25. 
Hydrodynamic sorting uses cell size and shape as actionable biomarkers. The use of 
hydrodynamic forces free the chip from using external force fields which simplifies  
integration into massively parallel systems59. Hydrodynamic chips have high resolution but 
often requires focusing or in co-flows 60 which results in dilution and have low throughput 
as compared to other microfluidic techniques. Additional passive methods can utilize 
hydrodynamic effects induced by channel geometry and microstructure57, 61-63  such as 
membrane filters (MF) 64-65, deterministic lateral displacement devices (DLD)60, and 
inertial microfluidics 57, 66-72.  Inertial microfluidics (IM) features high accuracy and high 
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throughputs comparable to MF.68, 70, 73   An advantage of methods such as IM is use of 
continuous separation without any external control. 57, 62, 74. 
Cell molecular interactions regulate important physiological processes such as stem 
cell homing, immune modulation, and cancer metastasis. Identifying and collecting cells 
that express desired molecular surface markers will thus benefit a variety of cell therapy 
and medical diagnostics. Label free separation techniques mentioned earlier that are 
operated by manipulating physical biomarkers such as size, stiffness and shape to sort cells 
have been successfully demonstrated during the last decade. Microstructures like grooves 
and herringbones75 and techniques like hydrophoresis have been used to demonstrate label 
free cell sorting based on cell stiffness and shape. But sorted cells using techniques based 
on size, stiffness and shape do not provide enough specificity to cell type, and correlation 
to clinical condition. In order to address this problem, more specific label free cell sorting 
has been demonstrated recently using adhesion as a biomarker. Cell isolation adhesion 
based  techniques based upon antibodies tagged with a fluorescent molecule enable 
fluorescence activated cell sorting (FACS) 76and tagged with magnetic nanoparticles to 
enable MACS 39, 77. Alternatively, label-free cells can be captured on a solid substrate using 
affinity based columns. Although FACS76 offers high purity, with an enrichment of ~100-
fold possible per color, the technique does not currently offer the possibility for 
fractionation into three or more outputs of finer sensitivity to the molecule of interest. In 
other words it provides a binary picture of the analog expression. With affinity-based 
methods (           Figure 3 right), retrieval of the collected cells is usually difficult and 
requires harsh and inefficient release reagents. For example, a CD4 cell counting device 
recently developed78 which used antibodies to capture CD 4 cells requires successive rinses 
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with several buffers to enumerate the captured cells. There are also challenges associated 
with release of affinity based captured cells without perturbing the cells' morphology, 
viability, molecular content and phenotype. Most common methods79-80 of cell release by 
shear requires number of attachment points between the cells' antigens and immobilized 
surface and can damage fragile  cells like CTCs 81.Additional mechanisms like 
enzymatically release of captured cells has been  used to ensure sufficient cell viability.82. 
Also affinity sorting requires long incubation time and low flow rate, resulting in a low 
throughput despite using parallel channels83 . Circulating tumor cells (CTCs) have been 
isolated with high purity and efficiency  using affinity based sorting but requires 
improvement in design simplicity and over all processing time84. Low affinity molecules 
like lectins have been used for sorting cells though affinity columns85   Binding of lectins  
depends on factors like metabolic state, stage of cell division and differentiation and 
surface protein glycosylation. Hence, it is useful for applications like isolating stem cells 
based on differentiation or homing potential86-89. Physiologically weak but very specific to 
cell type molecules like bacterial adhesion molecules90, selectins involved in homing of 
circulating cells91, and MHC-II molecules on antigen towards the T-cell receptor92 can be 
used for molecule specific sorting. Out of these weak but specific molecule based sorting, 
ligand-selectin based sorting has been of great interest due to its potential applications in 
understanding the role of PSGL-1 in T cell immune response 93-94 and developing effective 
therapeutics. The tumor microenvironment can promote tumor growth by suppressing 
effector T cell responses. PSGL-1 is highly expressed on tumor infiltrating lymphocytes 
(TILs) that also expressed high PD-1 and TIM-3 inhibitory receptors. PSGL-1 deficiency 
does not change the trafficking of TILs into tumors but  PSGL-1-deficient T cells had 
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reduced PD-1 expression and increased production of effector cytokines that resulted in 
delayed tumor growth. Hence, sorting of T cells based on their PSGL-1 expression can be 
used as an immune checkpoint inhibitor to limit anti-tumor T cell responses in the tumor 
microenvironment thereby promoting tumor growth95. Activated platelets can interact with 
lung cancer cells through PSGL-1. Inhibiting platelet activation and/or down-regulating 
PSGL-1 expression may be useful for suppression of tumor metastasis96. Selectins – 
glycoproteins involved in cell trafficking, have been used for cell separation purpose but 
they offer very low throughput as slow flow rates are required for cells to tether to coated 
surface 97-98 . 
 
           Figure 3 Microfluidic based cell/particle sorting techniques.31 
Magnetic cell sorting typically use antibody-coated magnetic beads to push tagged 
cells into different flow streams. These methods are rapid and there is almost no 
interference to other properties of cells and media but the separation force in these systems 
decays with distance into flow50. It is also very convenient to conjugate antibodies of 
different affinities to magnetic microparticles. They often operate at low flow rates and 
dilution in sample preparation is common99. 
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Dielectrophoresis uses polarizability and size as bio markers. They are rapid, 
precise, well controlled and can be easily integrated but have disadvantages including gene 
expression profiles also affected by this technique and there is also generation of  hydrogen 
and oxygen gases and other undesired chemicals that are harmful to mammalian cells52. 
Elevated temperature due to Joule heating or high frequency are also factors that cannot be 
controlled.31 
Acoustophoresis uses acoustic fields to push cells and as a result is highly sensitive 
to cell size, density and compressibility as biomarkers. Whole blood can be processed using 
this technique. They are usually used for focusing51 or size based sorting . Ultrasonic 
actuation with the operating voltage greater than 10 V peak to peak would have adverse 
impacts on many important cellular functions100. 
1.4 Size and adhesion based multimodal platform for blood sorting 
All the above discussed techniques (except microscale filters) use single biomarker 
to sort blood cells. Microscale filters use deformability and size but in an interdependent 
fashion. Using one parameter example size has problem of specificity. We cannot sort 
subpopulations of WBCs from CTCs and RBCs with high recovery and purity as there is 
an overlap of cell size range among these cell populations. One of the solutions is to use 
adhesion for more specific sorting. But adhesion based methods have problems of cell 
activation and low throughput. Therefore, there is a need for developing multimodal 
platform that addresses these problems. Among the above mentioned  microfluidic blood 
sorting techniques combined multimodal size based hydrodynamic and surface affinity 
based  sorting techniques offers following, inherent and potential advantages and are a 
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good candidate for addressing problems with unimodal system: (i) Size and molecule based 
adhesion are well established label  free bio markers for blood sorting, (ii) both sorting 
mechanism can be  integrated in a multi modal module for advanced sorting of target blood 
cells, (iii) integration of upstream microfluidic blood cell sorting with downstream 
molecular, cellular and functional analysis on the single-chip platform and (iv) unitary 
platform allows ease of integration and scalability.  
The schematic of proposed multimodal device is shown in                        Figure 4. It 
consists of a microchannel with diagonal ridges decorated on top of the channel. These 
ridges create helical flow field that can be used to sort cells based on their size and 
adhesiveness. For size based sorting mode, helical flow field created by these ridges alter 
the position of particles in a size dependent manner. Multiple equilibrium heights would 
be a problem in this device as height dispersion of same size particle would lead to 
inaccurate trajectories of particles. But this issue can be addressed by using vertical sheath 
focusing which would give a more precise control over the trajectories of particles by 
controlling their height. The same device can switch to adhesive sorting mode by coating 
the device with cell adhesion molecule specific to target cell population. This way when 
cells are flown through the device they interact with coated channel and based on these 
adhesion events alter their trajectories. One major drawback of adhesion based sorting 
technique is its low throughput as ligand and receptor are needed to come in close 
proximity to start any adhesive event. The proposed device addresses this issue by 
optimizing the gap size which is defined as the distance between the bottom of channel and 
ridge. Gap size is selected to be small enough so that it lightly squeezes the cell to increase 
surface area for ligand receptor interaction but large enough that stiffness and size won’t 
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play any role in sorting. This optimization enables us to operate at high flow rates with 
sufficient time and contact area for bonds to form. The proposed multimodal platform can 
be operated in sequential manner by integrating the two designs back to back on a single 
chip. This can be very useful for sorting WBCs from rest of the blood cells by first sorting 
blood sample based on size and then sorted WBCs through adhesion sorting part of the 
chip to specifically sort WBCs with high purity and throughput. 
 
                       Figure 4 Conceptual schematic of multimodal blood sorting device. 
The rest of the thesis has been divided into four chapters. The trajectories of particles 
flowing under ridged microchannel are investigated in the second chapter, which gives 
understanding of how vertical focusing can substantially improve size based sorting. A 
three dimensional tracking algorithm based on, on and off focus diffraction is developed 
to track particle trajectories in ridged microchannel and is used in this study. In Chapter 3, 
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an optimized design for the ridged microchannel with vertical sheath focusing for size 
based sorting is developed based on the findings of the Chapter 2. Results for white blood 
cells sorted from human blood using the optimized device are also presented. Next, in 
Chapter 4, we first understand the behavior of model cell lines HL60 and Jurkat flowing 
under the P-selectin coated device and developing a force model using experimental and 
simulated data. This study enables us to understand the adhesion based sorting mechanism. 
We also study the cell interaction with coated device at different flow rates. Finally, in 





CHAPTER 2. INVESTIGATING RIDGED MICROCHANNEL 
FOR SIZE BASED SORTING 
Note: Parts of this chapter are a modified version of the paper "Three-dimensional particle 
tracking in microfluidic channel flow using in and out of focus diffraction." Flow 
Measurement and Instrumentation 45 (2015): 218-224. 
2.1 Introduction 
Ridged microchannel has been previously reported to be used for cell sorting based 
on biophysical markers like stiffness 75, 101, size 102-103, adhesion 49, 98and viscoelasticity 
104.Although, the cited work on size and adhesion based ridged microchannel microfluidics 
offers high purity but at the cost of throughput and fabrication complexity. In this chapter 
,we have investigated the interaction of particles with slanted ridges decorated on top of 
the channel to understand how the three dimensional focusing of the particles along with 
secondary flow which is created by the ridges,103 would affect the particle trajectory. We 
have also studied the effect of inertia on particle trajectories for different channel 
geometries and flow rates. Inertial forces become dominant with increase in flow rate but 
this affect can be minimized by changing channel geometry.57, 59, 105 A novel three 
dimensional tracking algorithm is developed using on and off focus diffraction which is 
used to determine three dimensional trajectories of particles using two dimensional video 
data. The extracted particle trajectories would help us better understand the sorting 
mechanism and enable us to come up with potential solutions to improve the throughput 
without using complex design and fabrication steps. 
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2.2 Microfluidic device  
In this section the basic structure of the device is presented. The device consist of a 
microchannel with length L, width W and height H as shown in Figure 5.Top of the 
microchannel is decorated with ridges with width w ,height Hr and inclination angle of 𝜃 
degree. The distance between the bottom of the channel and the ridge is defined as the gap 
size Hg. The distance between two consecutive ridges is defined as d. In size sorting device 
particles with diameter D are considered small if D<=2Hg and are considered large if 
D>=2Hg. There are two horizontal sheath inlets, one sample inlet and in the modified 
device which is discussed in chapter 3, one vertical sheath inlet has been added. There are 
multiple outlets at the end of the channel to collect the sorted sample.  
 
Figure 5 Bottom figure shows the proposed microfluidics for size based sorting with 
two horizontal sheath inlets, a sample inlet and in the modified version of the device 
a vertical focusing sheath inlet. The device has multiple outlets. The device 
parameters are defined in enlarged image on top. 
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2.3 Material and methods 
2.3.1 Microfluidic device fabrication 
The microfluidic device with gap size of 6.5µm was fabricated by replica molding 
Polydimethylsiloxane (PDMS) (Sylgard 184 Dow Corning Corp) on a permanent mold. 
The mold is made from SU-8 2007 using a two mask photolithography process. The mold 
dimensions were characterized with profilometry (Dektak 150 profiler) and verified with 
confocal microscopy imaging (Olympus LEXT). Uncured PDMS was mixed in a 10:1 ratio 
of elastomer to curing agent, then poured onto the SU-8 molds to a thickness of 1 cm and 
cured in an oven at 60 °C for 6 hours. The cured PDMS layer was cut and peeled off the 
mold and inlet and outlet holes were formed with a 1 mm biopsy punch. The PDMS device 
was treated with oxygen plasma (Harrick plasma cleaner PDS 32G) for 2 minutes then 
bonded to a glass microscope slide. To study the trajectories of particles the device with 
dimensions: L= 5.5 mm, W= 1000 µm and H= 25 µm. The ridges are w=20 µm wide and 
distance between two consecutive ridges is d=50 µm. The ridges are inclined at 𝜃=45 
degrees. 
 
                                 Figure 6 Process flow for fabrication of sorting device. 
2.3.2 Sample preparation 
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Spherical polystyrene particles of 3 µm, 4 µm, and 6 µm diameters (Bangs 
Laboratories Inc.) were used in the flow experiments. Dispersions were prepared in 
deionized water with a concentration of approximately 2000 particles/µL. 
2.3.3 Experimental setup 
The particle solution was contained in a syringe and mounted on a syringe pump 
(PHD 2000 Harvard Apparatus), which infused the suspension at a controlled flow rate 
(0.0001 ˗ 0.05 mL/min) through capillaries connected to a microfluidic channel. The 
microfluidic chip was mounted on an inverted microscope (Nikon Eclipse Ti). Particle 
trajectories were captured with a 40X objective and a high-speed camera (Phantom V7.3 
Vision Research). In order to accurately record the trajectories of particles, high resolution 
(1150 by 1150 pixels) and high frame rate (≥3000 fps) videos were recorded for analysis. 
 
Figure 7  Experimental setup showing the microfluidic devices placed onto the 
microscope and a schematic of particles flowing through the device. The video frames 
are captured using a high speed camera and displayed on a computer. 
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2.4 Data analysis 
We have used a customized MATLAB particle tracking code to analyze three 
dimensional coordinates of particle trajectories. Three-dimensional particle tracking is 
important to accurately understand the motion of particles within complex flow fields. We 
show that three-dimensional trajectories of particles within microfluidic flow can be 
extracted from two-dimensional bright field video microscopy. The method utilizes the 
defocusing that occurs as particles move out of the objective focal plane when viewed 
through a high numerical aperture objective lens. A fast and simple algorithm based on 
cross correlation to a set of reference images taken at prescribed amounts of defocus is 
used to extract out-of-plane particle position. In-plane particle position is determined 
through center point detection and therefore the particle position in all three dimensions 
can be constructed at each time point. Particle trajectories at high flow velocity of greater 
than 2 mm/s can be tracked by utilizing a high speed camera to obtain unblurred images. 
Three dimensional computational fluid simulations are used to validate the particle tracking 
methods.  
2.4.1 Background 
Conventional video microscopy depicts particle motion projected onto a plane 
defined by the focus of the objective.  For many applications, visualization of motion in 
the third dimension is required to fully understand the trajectory of particles. Three-
dimensional tracking particularly benefits visualizing particle motion in complex flow 
fields such as that in biomedical devices 106-109 and physiological systems. Several methods 
can be used to track particles in three dimensions. Laser Doppler velocimetry 110 utilizes 
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the wavelength shifts due to particle motion within the path of multiple lasers to reconstruct 
particle motion. Particle image velocimetry (PIV) measures the position and velocity of 
particles by pulsing a laser and observing the illuminated locations with microscopy 111. 
Extending this technique, two cameras can be positioned along two Cartesian axes to track 
particles along all three dimensions 112-113. Such systems can be complex to implement, 
however, and require careful alignment of the optical components which results in reduced 
observational volume that is limited by the optical depth of field in two dimensions. 
Recently, a single camera combined with multiple objectives was used to track particles in 
three-dimensions 114. Single camera systems can also observe changes in the particle z-
position through out-of-focus motion with respect to a fixed position, such as the water-
glass interface 115, though this technique may be prone to aberrations in z-motion for large 
out-of-plane particle motion.  
We here have developed an accurate and simple method for three-dimensional 
particle tracking within microfluidic channel flow that utilizes a single objective and a 
single high-speed camera. The method combines standard two-dimensional particle 
tracking from video 116 and a correlation algorithm that determines out-of-focus particle 
motion to additionally compute the third dimension. The out-of-focus correlation algorithm 
utilizes the contrast change and incremental changes in blurriness of the particle image that 
occurs as the particle moves in relation to the focal plane, as demonstrated in studies of 
particles actuated with a piezo-driven stage 117. We have validated the algorithm for 
measuring particle out-of-plane motion flowing in a microfluidic channel by utilizing cross 
correlation of the particles to a set of reference images of a known position. To improve 
the resolution of the z-axis motion, interpolation of the reference images was implemented 
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to achieve submicron resolution. We have utilized this method to track the three 
dimensional trajectories of particles flowing at high speeds through a microfluidic channel. 
2.4.2 Particle tracking algorithm 
2.4.2.1 Lateral position algorithm 
The two-dimensional image analysis tool is based upon the open source code 
PolyParticle Tracker optimized for noisy backgrounds 116. A full description of the lateral 
position determination was described previously 116. Each frame of the video was extracted 
through MATLAB routine and the image was smoothed to remove discretization noise by 
convolution with a Gaussian function. The convolution is given in terms of image intensity 
I(x,y) by the following equation: 
 








in which 2w+1 is the extent of the boxcar averaging used to model background in each 
frame and is an integer larger than a single sphere’s apparent radius in pixels, but smaller 
than an intersphere separation. The correlation length, λ, is set to 1, and w = 3λ in order to 
sufficiently approximate the unbounded convolution. The local maximum or minimum in 
𝐼(𝑥, 𝑦) determines the position of the particle (𝑥0 ,𝑦0) in each extracted image. For each 
extrema, the adjacent points of inflexion (𝑥0 ,𝑦) and (𝑥, 𝑦0) were found. The initial radius 
𝑅0 is estimated as the mean distance to these four points of inflexion. To determine 
resolution below the pixel dimensions, a sub-pixel refinement was utilized 116 with 
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estimated position (𝑥0 ,𝑦0) and radius 𝑅0 by fitting the intensity map of the image 𝐼(𝑥, 𝑦) 
defined as:  
 





The fit was weighted at each pixel by the Gaussian function: 
 
 
𝑊(𝑥, 𝑦) = 𝑒𝑥𝑝
−𝛼(𝑥2+𝑦2)
𝑅′2  (3) 
in which R’ is the estimated radius and 𝛼 is the decay length set to the radius of the particle, 
which was determined from the image. The particle center was determined by the local 
maximum of the polynomial fit. A polynomial fit offered several advantages. Firstly, the 
fit is not sensitive to the edges of a particle but most sensitive to pixels well within the 
borders of the particle image. Secondly, the fit is optimized to identify spherical or 
elongated shapes. The third advantage is that, unlike the previous methods, the procedure 
of determining the particle center is inherently insensitive to the image background 116. In 
order to link particle position from multiple frames to create a trajectory, we assume that 
the initial coordinates in the proceeding frame and choose a frame rate such that each 
particle will not move further than its own radius between two adjacent frames. 
2.4.2.2 Axial position estimation algorithm 
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The images of a micrometer-scale particle appear to be very different when out-of-
focus. As shown in Figure 8, the in-focus image of a microparticle has sharp edges with 
high contrast, while the out-of-focus image is diffuse with concentric diffraction rings. In 
general, the above-focus mages are distinct due to the inherent aberrations caused by the 
objective lens 115. Therefore, once the relationship between the off-focus image of the 
particle and its axial position is established, it is possible to determine the axial positions 
of the particle from the acquired off-focus images. We determined the out-of-plane position 
of each particle by the degree of defocusing of the particle 118, evaluated by a correlation 
algorithm comparing the image to a set of reference images of a similar particle at specified 
amounts of defocusing. The reference image scale includes a single particle in focus and 
various degrees of out of focus by calibrated adjustment of the microscope objective. The 
set of reference images used in these experiments are shown in Figure 8. The degree of 
defocus is also related to the number and thickness of concentric diffraction rings, which 
accounts for uniqueness of the cross correlation approach. We utilized this feature of 
defocused images of microparticles to obtain a z-position scale. This scale can then be 
compared to a particle of interest to determine its z-position through a cross-correlation 
analysis. The cross-correlated algorithm was implemented using a MATLAB routine based 
on previous studies 118. We take [(𝑥1, 𝑦1), (𝑥2, 𝑦2), … . . (𝑥𝑁 , 𝑦𝑁)] and 
[(𝑎1, 𝑏1), (𝑎2, 𝑏2), … . . , (𝑎𝑁 , 𝑏𝑁)] as the pixel coordinates for analyzed image and reference 
image respectively, in which N2 represents the feature size. The cross- correlation output 
matrix is calculated as a double matrix with [(𝑥1 + 𝑎1, 𝑦1+𝑏1), (𝑥2 +
𝑎2, 𝑦2+𝑏2),… . , (𝑥𝑁 + 𝑎𝑁 , 𝑦𝑁+𝑏𝑁)] pixel coordinates with [𝑐1, 𝑐2, … . , 𝑐𝑁] corresponding 
correlation coefficients. From this output matrix we extract the 𝑥 and 𝑦  pixel coordinates 
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which correspond to the maximum value of correlation coefficient. This maximum value 
determines the relative likeness of the particle of interest and the reference image in each 
frame.  
 
Figure 8  Reference images taken with different focal points for a 4 µm particle. Cross 
correlation coefficients are calculated between the particle images at known z-
positions and the reference images. The z-position of the particle can thus be 
determined from the degree of defocus and is also related to the number and thickness 
of concentric diffraction rings. 
To increase the resolution of the particle z-height, we utilized interpolation between 
adjacent reference images. The reference images were recorded with 1 µm spacing. We 
generate additional interpolated reference images as shown in Figure 9. Images are 
formatted in MATLAB as a 3D array (MxN’x3) where M, N’ are the dimensions of the 
image and 3 layers for Red, Green and Blue layers. Values for each color layer of each 
pixel span 0 to 255. Starting with a set of images of the same particle at different depths 
(with the particle having the same position in each image, and that position being the 
center), and assuming that the change in the focus of the particles is continuous, we set the 
value of each pixel to be a function of the depth so that we have 3*M*N’ functions. Using 
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the values of the pixels in the given set of images as initial values and applying spline 
interpolation to each function, we interpolate the value of each pixel at any given depth 
within the range of depths of the set of the reference mages. The interpolated values form 
an array which is then used to create the image. Selected interpolated images were 
compared with the original reference images and we found the relative error to be less than 
2% using the MATLAB routine imshowpair. Figure 9 shows the interpolated images 
between reference images for 1 µm and 2 µm focal points, with a step size of 0.1 µm. When 
comparing a particle to the reference, the image was automatically cropped and centered 
to accurately determine the cross correlation coefficient. The center of the particle is 
determined using three points on the circumference and assuming circularity 119. 
 
Figure 9  Utilizing two reference images at the focal points 1 µm and 2 µm, a set of 
interpolated images can be generated with a step size of 0.1 µm. 
2.4.3 Results and discussion 
  For this study the microchannel with the top of the channel decorated with diagonal 
ridges generates helical recirculation and lateral pressure gradients , which results in helical 




Figure 10 Determination of the z height is tested by calculating the cross correlation 
coefficient between a particle at an unknown z-position and the reference images. 
The particle x and y coordinates for each time point were calculated as described 
in the methods. The z coordinate for each time point was determined through calculation 
of the cross correlation coefficient to the set of defocused reference images, as described 
in the methods. The calculation of the cross correlation coefficient of a particle from a 
typical still frame is shown in Figure 10.  The z-position at each time point was combined 
with the calculated x- and y- coordinate to generate a three dimensional position. The 
analysis continued for all frames in the video to obtain a full three-dimensional trajectory 




Figure 11  Experimentally calculated trajectories during one period of motion 
between ridges for A) 3µm B) 4µm and C) 6µm particles. 
In Figure 11 we show the multiple axes views for 3 µm, 4 µm, and 6 µm particles 
and the overlayed 2D video frames. As expected from previous studies, we observe a 
sinusoidal motion in x-y plane and the x-z plane107, 120-122. The three dimensional 
visualization of the trajectory indicates helical motion. Previous studies have indicated that 
the trajectory should be particle-size dependent, in which larger particles having smaller 
magnitudes of y- and z- motion 122.Examining the x-y trajectories of particles with different 
sizes, we notice that the  ∆𝑦/𝑟𝑖𝑑𝑔𝑒 for the particles varies inversely with particle size, as 
expected from published reports 121. This is further confirmed in Figure 12 which shows 
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the calculated ∆𝑦/𝑟𝑖𝑑𝑔𝑒  and ∆𝑧/𝑟𝑖𝑑𝑔𝑒 for different size particles. Hence, the methods 
presented in this work can be used to better understand how microfluidic flow can be 
utilized for particle size separation 120, 122. 
 
Figure 12 Data extracted from the computed trajectories show that different size 
beads move with different amplitudes in z (Δz/ridge) and show different amounts of 
transverse motion (Δy/ridge). The size dependence of Δy/ridge can be utilized for size-
based separation. 
To further validate the tracking results, we compare our measured trajectory to that 
obtained by previously validated computational fluid dynamics simulations 122. Figure 13 
shows the comparison of z-positions of simulated and experimental results of a particle 
flowing within the channel. The simulations fully considered the geometry of the device 
used, the size of the particles, and the flow rates used in the experiment. The results show 




Figure 13 Comparison of the x-z experimental trajectories with the computationally 
simulated trajectories for different size particles. 
The relative error between the experimental and simulated trajectories is calculated 
and shown in Figure 14. The error is found to be maximum where the particles are 
traversing under a microchannel ridge (x position range: 25 to 50µm). This is due the 
presence of channel features in the frames that that are not present in the calibrated 
reference images. One simple solution to remove this error is to utilize interpolation 
between the points where particle enters and leaves a ridge. Overall, the average error is 
approximately 25% which is acceptable as the particles are closely following the simulated 
trajectories 123.  Other sources of error include the estimation errors due to spatial sampling 
and noise 117. We can improve the performance of the algorithm by using smaller step sizes 





Figure 14 The relative error between the experimental and simulated trajectories 
during a typical trajectory, with the typical error between 20%-25%. 
2.4.4 Conclusion 
The results of particle trajectories suggests there exist a relationship between the 
size of the particle and the lateral distance it travels between two consecutive ridges in a 
ridged micrichannel and this relationship can be exploited to sort particles/cells based on 
their size.  
2.5 Testing capability of size sorting device without vertical focusing  
Based on the findings of previous section (2.4) we tested the size sorting device. 
Same device with following modification in device geometry is used: W=560 µm, 
L=3.8mm and Hg=8 µm. Spherical polystyrene particles of 4 µm, and 7 µm diameters 
(Bangs Laboratories Inc.) were used in the flow experiments. Dispersions were prepared 
in phosphate buffered saline (PBS) solution with a concentration of approximately 2000 
particles/µL. To prevent bead adhesion, 0.01% v/v Tween 20 was added to flow media. 
Separated cells were collected at the outlets and were analyzed with an Accuri C6 flow 
cytometer (BD Biosciences).  
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2.5.1 Results and discussion  
The performance parameter which is considered suitable for biological sample 
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Figure 15  On left the chart showing results of separation. The device is able to 
separate 4 µm particles from 7 µm with a substantial enrichment of number density 
of 8.5-fold. On right, flow cytometer data showing platelet separation from RBCs and 
WBCs in whole blood. 
The results in Figure 15 (left image) show that the small particles are substantially 
enriched by a ratio of percentages of outlet to inlet of 8.5-fold. However the enrichment of 
larger particles is substantially inferior, due to the variation in trajectories of the smaller 
particles. Therefore, this design of the microfluidic sorting is ideal for the applications 
where small size particles are required to be separated from the heterogeneous mixture. 
One example of this need is the separation of platelets from whole blood as is demonstrated 
in Figure 15(right image). The applications with whole blood, the width of the channel 




Figure 16 A) The scale on left is showing the reference images of 4 µm particles at 
different heights inside the channel .The trajectories on the right shows the 4 µm 
particles at different height which is determined by comparing it to the reference scale 
on left. 
To address the deficient enrichment of larger particles, we demonstrate that there 
exists a z-position dependent phenomenon which leads to dispersity of smaller particle 
trajectories. As shown in Figure 16 A the smaller particles (4 µm diameter) entering the 
ridged part of the channel can arrive at different vertical positions as determined from out-
of-focus images acquired at a constant focal plane. Hence smaller particles at different z-
positions, as indicated by different color markers (red for 2 µm, blue for 4 µm, and green 
for 5 µm heights) move in either positive or negative y-direction trajectories. In contrast, 
Figure 16 B shows that larger particle (7 µm diameter) entering the ridged part of the 
channel uniformly remain in focus at same vertical height and move in the positive y-
direction. The histogram of large particle heights in Figure 16 B shows that unlike the 
smaller 4 µm size particles, most of the larger 7 µm particles enter the ridged channel at 
same height due to steric hindrance of the ridged features.  Figure 16 B (bottom left figure) 
shows the plot between the Δy / ridge and the diameter of bright diffraction ring, a surrogate 
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for the height of the particle inside the channel using the technique described previously 
125. That particles of different heights move with different transverse trajectories results 
from the vortex flow fields created by the diagonal ridge, such that the fluid at the channel 
center is transported in the net positive y direction, whereas the fluid located near the 
vertical channel walls moves in the negative y direction as shown by computational fluid 
dynamics simulations shown in work .126 The particles at different z-positions not only 
move in different directions but also with different speed (Figure 16, bottom right), as is 
expected from the simulated height-dependent velocity gradient126. This effect is harnessed 
to create the separation among particles with different z positions.  
2.5.2 Conclusion 
Based on experimental data we demonstrate that there exist a z position dependency on 
particle lateral position and by controlling z position of the particles we can substantially 




CHAPTER 3. SIZE BASED SORTING  
3.1 Introduction 
Based on the analysis of trajectories in Section 2.4 and size sorting results in Section 
2.5, in this chapter we propose, design, fabricate and test a novel improvement to 
microfluidic sorting devices that uses three-dimensional focusing of the sample to a 
position that optimally amplifies the size-dependent trajectory differences of differential 
secondary flows. The result is an increase in the purity of size-sorted particles in 
comparison to unfocused flow. Our simulated and experimental data reveal for the first 
time that positioning particles in three-dimensional space can be used to better leverage the 
differential lateral movement of particles with different sizes as they flow in microchannels 
with transverse secondary flows, or possibly to improve positioning of particles with 
inertial channels with multiple equilibrium positions. This technique performs inexpensive, 
continuous-flow, high throughput clog free size based sorting of millions of particles/cells 
in a minute without any pre and post-processing. We have also demonstrated high 
throughput isolation with high recovery of white blood cells from human blood.  
3.2 Methods 
3.2.1 Microfluidic device fabrication 
The microfluidic devices with different gap size were fabricated by replica molding 
Polydimethylsiloxane (PDMS) (Sylgard 184 Dow Corning Corp) on a permanent mold as 
described in chapter 2.The separation device has two sets of dimensions:  5.5 mm channel 
length and 560 µm channel width and 25 ridges and 2.5 mm channel length and 317 µm 
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channel width and 11 ridges. All devices have 22 µm channel height. The ridges are 20 µm 
wide and distance between two consecutive ridges is 180 µm. The ridges are at the top of 
the microchannel and are inclined at either a 30 or 45 degrees. 
3.2.2 Sample preparation 
Spherical polystyrene particles of 2.19, 4, 7.06 and 9.94 µm diameters (Bangs 
Laboratories Inc.) were used in the flow experiments. Dispersions were prepared in 
phosphate buffered saline (PBS) solution with a concentration of approximately 2X104 
particles/µL. To prevent bead adhesion, 0.01% v/v Tween 20 was added to flow media. 
For white blood cell separation, fresh human blood was withdrawn from healthy donors 
using protocols approved by the Georgia Institute of Technology Institute Review 
Board103. Blood samples were collected in citrate coated vials and used immediately after 
collection. The blood sample was diluted 1:10 in PBS before separation experiments. 
3.2.3 Experimental setup 
Same setup as described in chapter 2 and Figure 7 was used. Both x-y positions of 
particles were collected as well as the vertical position of the particles using an out-of-
focus tracking algorithm developed previously 127and explained in chapter 2.In order to 
accurately capture the cell trajectories with sufficient accuracy to determine the vertical 
position, we operated the high speed camera at a minimum of 3000 frames per second with 
a minimum resolution of 640 by 480 pixels for all videos and images. Separated particles 
and cells were collected at the outlets and were analyzed with an Accuri C6 flow cytometer 
(BD Biosciences). Purity of leukocytes is determined using the antibody cocktail - anti 
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CD45 –APC, anti CD61-PE, and anti CD235a-FITCI (GlycophorinA) from Biolegend, 
following manufacturer’s protocols.  
3.2.4 Finite element simulation  
Finite element simulations were performed using COMSOL Multiphysics software 
(COMSOL Inc., Burlington, MA). Simulations were performed for channel widths of 317 
and 560µm and ridge inclination angles of 30 and 45 degrees. PDMS was selected as 
material of interfacing structure. Sample to vertical sheath flow rates ratios of 0.22, 0.71 
and 2.3 were used in the simulation to determine their effect on sample vertical 
confinement. The flow profiles in the channel were obtained by solving the Navier-Stokes 
equations for incompressible fluid using Fluid-Structure Interaction physics. At the outlet, 
the pressure was set to zero with no viscous stress on the boundary. Due to low Reynolds’s 
number of fluid, it was assumed that the suspended particles would follow the fluid 
streamlines. 
3.3 Results and discussion 




Figure 17 A) The proposed device to control the z-position of the particles as they 
enter the ridged channel using vertical sheath. H and Hf are the heights of the channel 
and focused streamline respectively. B) COMSOL simulations for different sample to 
sheath flow rate ratio (f). As the vertical sheath flow rate increases the sample flow 
streamlines are pushed down. C) COMSOL simulations show the velocity field under 
the ridge and the lateral deviation of streamlines as they enter the ridged part of 




We have used COMSOL to study the effect of vertical sheath on streamlines 
entering the ridged microchannel. Figure 17 A shows the schematic of the improved device. 
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There are four inlets: two of them are for horizontal sheath focusing and the remaining two 
are for sample and vertical sheath focusing.  
3.3.1.1 Inlet design  
The focused simulated streamlines at different f (f is the ratio of sample to vertical 
sheath flow rates) are shown in Figure 17 B. We have made the point particle assumption 
for theses simulations and have assumed that the particles are following the streamlines. 
The results indicate that as we decrease f, the focused sample streamlines are pushed at the 
bottom of the channel. While optimizing the inlet design we looked at the critical 
parameters including distance between the sample and vertical sheath inlets and their 
alignment as the former can build up the negative pressure from vertical sheath to sample 
inlet when f is decreased and can push the particles back into the inlet sample which affects 
the throughput of the device as shown in Figure 18 The accurate alignment of the sample 
and vertical sheath inlets is important for the efficiency of the device so that no particle 
could escape the vertical sheath pressure due to inlet misalignment. Figure 17 C shows the 
simulated streamlines at different heights in the device which also confirms that vortex 
created by diagonal ridges alter the lateral position of streamlines depending on their initial 




Figure 18 COMSOL simulations showing when distance between the sample and 
vertical sheath inlets is changed from 300 to 3000 µm, there is no change in the vertical 
focusing of sample and no back flow is observed. 
A couple of horizontal sheath inlets inclination angle designs  were also simulated 
as shown in Figure 19  and the inclination angle of 45 degree was selected to avoid sharp 




Figure 19 Effect of horizontal sheath inlet inclination angle on vertically focused 
streamlines. 
We have selected 2000 µm distance between sample and vertical sheath inlets as it 
would be difficult to punch inlets with biopsy punches with smaller distances. The diameter 
of inlets is selected to be 1000 µm based on commercially available biopsy punches. 
3.3.1.2 Ridge design 
The aim of this study is to sort blood cells based on their size. Since platelets size 
range from 2-3 µm ,RBCs  6-7 µm and WBCs  >8µm ,we have designed devices with two 
gap size of  10 µm and 8 µm.The former is used to sort WBCs from  RBCs plus platelets 
in blood. The latter is designed to be used to sort RBCs from platelets from the sorted 
heterogeneous population of RBCs plus platelets (sorted by 10 µm device).  For this study 
we have optimized our device design for channel width and inclination angle of ridges for 




Figure 20 Oscillation of small particles in wide channels. 
 
Figure 21  A) Showing the simulated streamlines at different z positions. B) Device 
length and number of ridges optimization for a given width. C) Showing 
interdependency ridge frequency and distance between them for a given inclination 
angle. Blue (Z=15 µm) and Green (Z=3.5 µm). 
Enrichment suffers due to a reversal of particle trajectories that occurs once 
particles reach the channel walls for an un-optimized design, as shown in Figure 21. This 
effect is due to the circulating velocity vortex formed by diagonal ridges inside the channel, 
which can be solved by optimizing the channel length or number of ridges for a given 
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channel width to avoid the reversal of particle translation due to circulating flow at the 
edges of the channel. In Figure 21A simulated streamlines are shown at different heights 
of 15 and 5 µm and their lateral displacement difference is 227 µm. In order to achieve this 
displacement difference following values are used for device geometry: L= 4.5mm, W=560 
µm, 𝜃 =30 degree, d=180 µm and N=17. This way we can select device geometry 
parameters for a desired lateral displacement difference through iterative simulation of 
Comsol model. In Figure 21B an example of simulated streamlines is shown where N= 17 
and L=5mm for W=560 µm could be used to prevent oscillation of particles. Figure 21C 
shows the interdependency of ridge frequency and distance between them for a given 
inclination angle. The top figure shows the optimized 𝜃=45 degree, N=11 and d=180 µm. 
The bottom two figures show that N= 6 with d= 380 µm and N= 12 with d=50 µm are not 
optimized channel geometry if we needed a W=560 µm and L=5.8mm with 𝜃=45 degree 
to sort particles with high efficiency as can be seen from very small lateral displacement 
difference in the streamlines at heights blue (z=15 µm) and green (z=3.5 µm). 
For width optimization, we have used channel widths of 560 and 317 µm with 20 
µm width of ridge and distance between the two consecutive ridges is 180 µm and ridge 
inclination angle of 45 degree. The number of ridges are optimized to 25 and 11 for W= 
560 and W= 317 µm respectively.  For inclination angle study, 45 and 30 degree angles 
are used with 560 µm width. Simulation results for optimized channel length, width, 
inclination angle and number of ridges are shown with flow experiment data in section and 
have matched well with the experimental trajectories. 
3.3.1.3 Outlet design 
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We have used two (only for adhesion study) and five outlet designs as shown in 
final mask design with serpentine outlets to prevent channel flow biasing by increasing the 
flow resistance between the inlet and outlet of the channel. Table 1 shows the variables for 
the final mold design in Figure 22 
Table 1 Device design variables. 
Device Design Width 
(µm) 
Number of Ridges Inclination 
Angle 𝜃 
d (µm) 
A 317 11 45 180 
B 560 25 45 180 





Figure 22  Final mask design without (left) and with (right) ridges. 
 
3.3.2 Trouble shooting during device fabrication and flow experiment 
We have used the same two step photo lithography to fabricate the final mask 
design (Figure 22). In this section we are going to list down the problems and 
troubleshooting we did during fabrication and flow experiments. 
Although we aligned the mask and wafer using alignment marks during the mask 
aligning step of fabrication, our final mold was showing misalignment Figure 23 A. The 
reason for this problem was that there were liquid residues Figure 23 A (bottom) after 
etching and were not dry fully by nitrogen pump which led to the non-uniform spinning of 
second layer. One of the solutions is to use nitrogen for drying until you are sure that no 





Figure 23 A) Showing misalignment in fabricated mold design (top). Liquid residues 
on final mold (bottom). B) Fabricated mold. C) Color dye used to optimize the flow 
rates for horizontal sheath. 
During the flow experiments we have used color dye to optimize the flow rates for 
horizontal sheath as all particles/cells should enter the ridged part of the channel at lateral 
position of W/2. Figure 23 C. This also helped us to figure out if any of the inlets is blocked 
or if the syringe pumps working properly or not. 
3.4 Results and discussion of flow experiments 
The goal of vertical sheath is to position all small particles in the channel to the same 
equilibrium position such that they follow the same trajectory. To mathematically and 
experimentally determine the height of smaller particles (4 µm) entering the ridged part of 
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the channel after vertical sheath focus, we use theoretical model for predicting the height 
of two-dimensional hydrodynamically focused streams in rectangular microchannels 
(details can be found in Appendix A.2) and video microscopy to examine the vertical 
position of particles. 
For video microscopy, still-frame images of particles are cropped from the videos 
recorded at different sample to vertical sheath rates of f= 0.9, 0.8 and 0.7. Figure 24 A 
explains the procedure we used to estimate the z position of particle inside the channel. 
Each particle in the channel is compared to two reference images for the cross correlation 
analysis at a vertical focal plane of 5 µm and 2 µm. The templates at different f are shown 
in Figure 24 B. The particles with square boxes in calculated cross correlation template in 
Figure 24 A show that they are at different z-position as compare to the z position of the 
reference image. The cross correlation coefficient calculated from the algorithm in Figure 
24A is plotted in Figure 24 C and D. As the flow rate of vertical sheath is increased, the 
particles are positioned more narrowly to the 2 µm z-position. This result suggests increase 
in the enrichment of large particles with increased flow rate of vertical sheath results as 
more small particles confined to bottom of the channel move in opposite y-direction 




Figure 24  A) Algorithm showing how height of particles is estimated using cross 
correlation with a reference image at a known height. B) Templates showing the 
particles entering the ridged part of the channel at different vertical sheath flow rates. 
C) Cross correlation data estimating the height of the particles at different vertical 
sheath flow rates by comparing the templates in fig. 3b with reference image at height 
5 µm and D) 2 µm. 
2 and 7 µm particles were sorted in the width and angle optimization of the device. 
Gap size of 8 µm was used. Figure 25 A shows the enrichment factor of small and large 
particles at f =0.5 .The smaller width channel device has significantly lower enrichment as 
compare to 560 µm channel width device. This is due to the high wall lift forces acting on 
particles inside the channel and decreasing the relative size based lateral displacement. This 
can also be seen in Figure 25 B (experimental data) and can also be confirmed from 
simulated trajectories in Figure 25 C. Due to high inertial lift forces there is not much 
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lateral separation between 2 and 7 µm particle trajectories which led to the decrease in 
relative depth difference between two sized particles as they move along the channel, hence 
decreasing the efficiency of the device. The enrichment factors for different inclination 
angles show that 30 degree device has significantly high enrichment and almost 100 % 
purity for small particles. This can be explained looking at the experimental trajectories. 
Small and large particles are experiencing more opposite velocity field (as explained in 
Figure 16A (bottom right figure)) at same y position inside the channel in case of 30 degree 
device and hence are separated quickly with relatively high resolution. Also, this 
improvement is not angle dependent but frequency dependent because if we decrease 
number of ridges equals to encounter in 45 degree angle case , Figure 25C (very bottom) 




Figure 25 A) Enrichment factors for large and small particles for width (top) and 
angle (bottom) optimization studies. B) Experimental trajectories and C) simulated 
streamlines for design A, B & C.
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We have also optimized the flow rate ratio for best device efficiency. The estimated 
height of small particles was calculated using the model described in Appendix A.2 for 
different flow rate ratios. The device design used was 560 µm in width and 45 degree 
inclination angle. The gap size was 8µm Figure 26 A shows the enrichment of small (117.8) 
and large (19.5) particles was highest at f=0.5. 
 
Figure 26  Small and large particle enrichment factors for A) Different flow rates and 
B) resolution study. 
 Figure 26 A shows the improvement of sorting enrichment with and without 
vertical sheath for 8 µm gap size, 560 µm width and 45 degree inclination angle. Small 
particle are enriched to 117.8 folds from 3.4 with purity of 99.9% and large particles are 




Resolution (Difference between particle sizes (µm) of proposed device was also 
studied using a 10.5 µm gap size device with 560 µm width and 45 degree ridge inclination 
angle. 9.94 and 7 µm particles were sorted with an enrichment of 23 and purity of 90% for 
large particles and 2.4 and 99 % for small particles as shown in Figure 26 B. The throughput 
of the device was 2.8 X 10 ^ 6 particles / min which is superior as compare to the recent 
studies Table 2. The details of flow rates used for different optimization studies are 
summarized in Table 3. 
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3.5 Depletion of WBCs (Leukapheresis) 
Leukapheresis, is essential to reduce the white blood cell count in treating leukemic 
patients as well as to retrieve blood stem cells in patient with hematologic malignancies.17-
18 Removal of all leukocytes before performing a blood transfusion is essential to minimize 
transmission of cell-associated infectious agents (cytomegalovirus, herpes virus, human T-
cell lymphoma virus), graft rejection rates and prevent febrile transfusion reactions19. For 
example depletion of T-cells from umbilical cord blood20 increases efficacy of stem cell 
graft treatment21-23. Conventional macroscale WBCs sorting techniques include 
centrifugation, apheresis, chemical lysis and antibody based techniques, fluorescence-
activated cell sorting (FACS) and magnetic-activated cell sorting (MACS).32-39 
Centrifugation is commercially available, easy to conduct and viability of fractionated 
blood cells is very high but it does not allow for high separation resolution, requires 
milliliters of blood for analysis which is not suitable for clinical settings and dedicated labs 
and trained users are pre -requisites. Microscale flow-based protocols such as FACS or 
solid-state immobilization and capture of cells using MACS offers advantages like high 
specificity, high-throughput, commercial availability but are expensive and cannot reliably 
handle small number of cells. The use of fluorophores and antibodies may affect cell fate 
and function38  ,Alternatively, WBCs can be sorted from RBCs using microfluidics 
including hydrodynamics129, 133, inertial sorting130, 134, hydrophoretic131, microfilter135 , 
magnetic136 and DEP137. The limitation of hydrophoretic, magnetic and DEP approaches is 




approaches include cross-flow microfiltration138, deterministic lateral displacement 
(DLD)139 and WBC margination140-141. WBC margination provides a simpler separation 
approach based on a hemodynamic phenomenon, however, a major challenge arises from 
the dependence of WBC margination on channel geometry, hematocrit, flow rate, and RBC 
aggregation, which can restrict separation throughput and cause variability in separation 
efficiency. We demonstrate size based leukapheresis, which offers higher or comparable 
throughput with cutting edge techniques with high recovery and no pre or post processing 
of samples for analysis and isolation. The design used for this application has a gap size of 
10.5 µm with channel width of 560 µm and ridge inclination angle of 30 degree.10.5 µm 
gap size was selected as red blood cells and platelets are in the range of 2- 8µm and white 
blood cells are >8µm .Hence, WBCs are sorted and collected at the top outlet. The WBCs 
were removed at a depletion of 87 folds and at a high throughput of 0.1X10^8 cells /min 





Figure 27 A) Enrichment factors for WBCs (top), platelets, RBCs (bottom), and 
recovery rate of WBCs (middle). Recovery rate is defined as the percentage of WBCs 
at targeted outlet to total number of WBCs collected. B) Flow cytometer 
characterization of WBC sorting.   
 
Comparison with other cutting edge technologies can be found in Table 4. Flow 
cytometry data for centrifugation is shown in Figure 45 which shows that this device 
performs better to deplete more platelets from WBCs sorted population. Leukaphresis 
requires milliliters of blood to be processed in shortest time possible. We cannot process 
whole blood with high enrichment (less than 3-fold) and recovery rate as increase in blood 




Proposed solution to address this problem is to use either large foot prints or use parallel 
channels similar to previous studies73, to increase throughput. Another assumption we 
made here we are not considering shape and thickness of RBCs. This may affect the purity 
of WBCs in large particle outlet as in case of resolution study we were getting >89% purity 
of large spherical beads where shape is spherical and thickness is not variable for small 
particles. 
Table 4 WBCs sorting comparison. 
Reference Mechanism Throughput 
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3.6 Conclusions 
We have described a novel microfluidic device capable of improved purity of size-
dependent separation of particles by positioning particles at the optimal position in three-
dimensional space to exaggerate the size-dependent trajectory differences. The unique 
aspect of this sorting design is the use of three-dimensional focusing of the sample to a 
position that optimizes the differential secondary flows. Using vertical focusing, we are 
able to separate 2 µm particles from 7 µm with a substantial improvement in enrichment 




of the purity of the larger particles (from 2.5 to 19.5–fold enrichment factor) and a 35–fold 
increase in the purity of smaller particles (from 3.4–fold to 117.8–fold). This is the first 
time that a device with 3D focusing has been reported to improve the purity of samples 
using size sorting. The proposed technology can further be improved for higher purity 
enrichment of particles by modifying channel geometry and gap size. It can also be 






CHAPTER 4. ADHESION BASED SORTING 
4.1 Introduction 
This chapter will focus on the second part of this work, which is molecule specific 
adhesion based cell sorting. Cell surface molecular adhesions govern important 
physiological processes such as stem cell homing, immune modulation, and cancer 
metastasis. However, due to a lack of effective separation technologies sensitive to cell 
adhesion, it is challenging to specifically sort cells based upon molecular adhesion. While, 
label-free separation microsystems typically sort cells in a manner dependent on size, 
stiffness, and shape but do not provide sufficient specificity to cell type based upon 
molecular expression. While flow cytometry can offer higher specificity due to labeling of 
cells via antibodies, the separation is binary and does not allow greater functionality such 
as the fractionation of cells into subpopulations of high, medium, and low adhesiveness. 
We here develop a novel microfluidic approach capable of high throughput separation of 
cells based upon surface molecule adhesion. The ligand receptor pair used in this study is 
PSGL-1 and P-selectin. In this chapter, we will first discuss physiology of P-selectin 
/PSGL-1 interaction and therapeutic and diagnostic importance of PSGL-1. This will help 
to understand the commercial and scientific (in terms of understanding cell biology) 
importance of this study. 




Selectins, including P, L and E belongs to family of cell adhesion molecules. 142 They 
mediate carbohydrate –protein interaction with specific ligands on leukocytes initializing 
rolling and tethering on endothelial cells. The physiological importance of cell adhesion 
mediated by selectin includes extravasation of leukocytes, homing of lymphocytes and 
infiltration or metastasis of malignant cells including leukemia and cancer cells 143.Of 
theses P-selectin is one of the important receptors expressed on activated platelets with 
about 10,000 copies/cell 144and is stored in platelet R-granules, as well as endothelial 
Weibel-Palade bodies. P-selectin is type 1 transmembrane protein containing C-type lectin-
like domains (CTLDs). The single CTLD in P-selectin, which binds sugars, is called 
carbohydrate recognition domain (CRD). The CRD is projected away from the membrane 
by a long, flexible neck, which contains an epidermal growth factor, EGF-like domain 
adjacent to the CRD, plus nine Sushi domains, a transmembrane domain and a short 
cytoplasmic domain.145 After the activation of platelets, P-selectin is expressed on the 
platelet surface, which can bind to its receptor PSGL- 1, a dimeric membrane mucin on 
circulating leukocytes, as shown in                               Figure 28. Its CRD interacts with 
leukocyte glycoproteins, and its architecture, coupled with the glycan-binding properties 






                              Figure 28 P-selectin and PSGL-1 structures and their binding. 
The weak and transient selectin-mediated interactions is followed by strong and 
stable integrin-mediated interactions, which arrest circulating leukocytes and lead to their 
migration across the endothelium as shown in Figure 29145-146. 
 
Figure 29 Interactions between selectin and selectin ligand form weak bonds that slow 
the flow of leukocytes, promoting initial cell capture and rolling. 
4.3 Why P-selectin interaction with PSGL-1 is so important?? 
P-selectin glycoprotein ligand-1 (PSGL-1) is a glycoprotein found on white blood 




to all three members of the selectin family through the N-terminus of the extracellular 
domain147-149 but binds with the highest affinity to P-selectin 150-152. This binding depends 
on post-translational modifications that are cell type and context dependent 153. PSGL-1 
contributes to both cell migration as well as play role in migration independent tasks and 
in monitoring immunity against various diseases.  
4.3.1 Role of PSGL-1 in cell migration 
PSGL-1 is known for its fundamental role in regulating immune cell recruitment to 
sites of inflammation. It is required in neutrophil migration into inflamed peritoneum 154, 
recruitment of CD8+ T cells into the inflamed colon 155and of CD4+ T cells into responding 
lymph nodes 156and inflamed retina 157. It also helps in regulation of localization of 
macrophages, dendritic cells, and B cells in the lamina propria at steady-state 158. Platelets 
also utilize PSGL-1 to adhere to vasculature 159, suggesting that its importance in pathogen 
clearance. One of the examples involves PSGL-1/P-selectin interactions, crucial for 
neutrophil recruitment and host defense against Salmonella typhimurium 160. 
4.3.2 Facilitating inhibition/promotion of leukocyte response 
PSGL-1 contributes to control of Streptoccus pneumonia by promoting 
phagocytosis by neutrophils through binding to the capsular polysaccharide and cell wall 
autolysin, LytA161. On the other hand, Enterovirus 71 has been found to utilize the selectin-
binding domain of PSGL-1 as a primary receptor to infect leukocytes, and this supports 
viral replication. 94These examples suggest that PSGL-1 can be directly targeted by bacteria 




4.3.3 Migration-independent functions of PSGL-1  
In Myeloid cells PSGL-1 inhibits proliferation of human hematopoietic stem cells 
(HSCs) in response to ligation by P-selectin or anti-PSGL-1 antibody in vitro.162 In human 
dendritic cells (DCs), where engagement by P-selectin or anti-PSGL-1 induces the 
expression of genes which are associated with immune inhibition, and promotes their 
ability to induce regulatory T cells in vitro.163 Neutrophil adhesion is up regulated by 
PSGL-1 ligation in the absence of chemokine.164 
4.3.4 Role of PSGL-1 in T cells 
It has been reported that PSGL-1 on T cells dampens TCR signals, limits survival 
of effector T cells, and promotes immune inhibitory receptor expression, there by 
supporting establishment of exhaustion in viral and tumor models. PSGL-1-deficiency 
enhances T cell anti-tumor immunity to melanoma. Multi-functional anti-viral T cells with 
PSGL-1 deficiency promotes viral control and T cell survival is reported to be  increased 
in PSGL-1 deficit T cells after chronic virus infection153, 165. 
4.4 Material and methods  
4.4.1 Immobilization of protein 
We will first briefly discuss the pros and cons of available protein immobilization 
surfaces and techniques and which one is suitable for our work. Starting with 
immobilization surfaces, silicon and glass surfaces has been used for decades because of 




for applications like electrochemical analysis.166 For better chemical resistance PMMA 
[Poly (methyl methacrylate)], PS (polystyrene), and COC (cyclic olefin copolymer) have 
been used. Paper has been used for point of care devices due to low cost, simple assay 
visualization, and simple reagent immobilization.167 PDMS (polydimethylsiloxane), a 
silicon-based organic polymer that has popular for decades because of its low cost, rapid 
and prototype-friendly fabrication and optical transparency. PDMS offer unique 
advantages for a microfluidic platform which includes 3D structures inside microchannel 
for higher protein capture capacity,168-169 resulting in improved immunoassay sensitivity or 
enzyme conversion rates. Due to transparency  it makes optical imaging possible. In 
contrast to rigid substrates such as silicon and glass, microfluidic actuators such as valves 
and pumps can be readily formed in a microdevice170. Irreversibly sealing with glass can 
be formed by PDMS to make microchannels using plasma treatment. Multiple layers of 
PDMS can be stacked yielding multifunctional microfluidic devices. Drawbacks of PDMS 
includes not suitable for harsh environments needing robust packaging and toxicity. As 
related to protein immobilization, PDMS is hydrophobic in native form, so proteins tend 
to readily and nonspecifically bind to the surface but this problem can be easily addressed 
by blocking of the adsorptive surface before an assay is completed. Hence, due to 
advantages including optical imaging, low cost, ease of fabrication and allowing 
incorporation of 3D structure, PDMS is a suitable choice for this study. 
Next, when selecting immobilization technique factors including sample matrix, 
protein property, buffer constituents, and assay performance metrics (e.g., sensitivity, 




assays,171 orientation in specific immobilization  ,density control so that steric hindrance 
from other immobilized protein is minimum are needed to be considered. More details can 
be found  on immobilization strategies for protein microarrays,171 enzyme immobilization 
inside microfluidic chips,172-173 microfluidic immunoassays 172, 174.Molecular mechanism 
of protein immobilization methods can be categorized into physisorption, bioaffinity 
interaction, covalent bond                                             Figure 30, and combinations of the 
three mechanisms. 
In physisorption proteins are adsorbed to various surfaces via intermolecular forces 
such as electrostatic, hydrophobic, van der Waals, hydrogen bonding interactions, or 
combination .It is usually achieved by incubating surface with protein solution or through 
continuously flowing over it. Generally weak, relatively less stable than covalent and 
bioaffinity binding but no complicated chemistry and reagents are required.175 In some 
cases, physisorption happens instantaneously (i.e., high kon) compared to covalent or 
bioaffinity bonds that usually requires a substantial incubation time. This technique has a 
wider choice of buffer system, compared to widely used covalent bonding through primary 
amines where popular amine-based buffers (e.g., Tris, glycine) cannot be used. If 
environmental factors like pH, ionic strength, temperature and surface conditions 176are 
controlled accurate reproducibility of the protocol is possible. Bioaffinity adsorption 
exploits specific naturally existing binding phenomena. Bioaffinity interaction yields 
relatively stronger, highly specific, and oriented protein immobilization 171-172but high cost, 
variable affinity, and short shelf life of antibodies  make it unsuitable for point of care or 




reagent reacts with amino acid residues on the protein exterior to form irreversible 
linkage172. Advantages include high and stable protein coverage. Disadvantages include 
reduced activity of proteins (by forming linkage on active sites), toxic reagents, 
complicated chemistry and  long incubation time.175 
Therefore, for this study simple, fast physisorption protocol has been used, as we 
need a cheap method for disposable micro devices. 
 
                                            Figure 30  Protein Immobilization techniques. 
 
4.4.2 Microfluidic device fabrication  
Fabrication of adhesion based sorting device follow the same process flow and 
protocol as described in chapter 2 .We have designed the ridged microchannels to have gap 
sizes of 9.3 µm for Jurkat cells and 10.3 µm for HL60 cells, which imposes a cellular strain 
of 15 %. The channel width is 560 µm and length 3.8 mm. The ridges are 20 µm wide and 




microchannel and are inclined at a 30 degree. We have used three and five outlet devices 
for this study. 
4.4.3 Sample preparation and experimental setup  
Jurkat cells (CRL-1990) and HL60 (CCL 240) were purchased from ATCC. Cells 
were cultured and maintained in RPMI-1640 medium (Sigma) with the addition of 10% 
FBS (Millipore Sigma) and 1% Penn strip. Cells were incubated at 37 degree C with 5% 
carbon dioxide. Recombinant human P-selectin was purchased from R&D Systems 
(Minneapolis, MN) and resuspended in PBS at (cp = 3 µg/mL). The assembled device is 
degassed in a vacuum chamber for 10 min, filled with P-selectin solution by pipetting, and 
then incubated at room temperature. After 3 hours incubation, the device was washed with 
1% bovine serum albumin (BSA). Cells suspended in culture media at 0.5 × 10^6 or 1 × 
10^6 cells/ml were flowed into the device at 0.0045, 0.045 and 0.09 mL/min using a syringe 
pump. A high speed camera (Phantom V 7.3 Vision Research) and inverted microscope 
setup was used as described in 127. Following collection at outlets, cells were incubated at 
37 degree C with blocking solution for 15 min and then incubated for 30 min with primary 
monoclonal antibodies and then, after wash with PBS, for 30 min with fluorescently labeled 
secondary antibodies at final concentrations of 30 and 50 µg/mL respectively. The 
concentration for antibodies was determined by running a titration experiment. Between 
primary and secondary antibodies incubation and after secondary antibody incubation and 
flow analysis, cells are washed with PBS. For detection of cell-surface PSGL-1, we used 
mouse anti-human PSGL-1 clone KPL-1 (Millipore Sigma). We used secondary antibody 




secondary antibodies were pre incubated for at least 1 hr prior to incubation with cells. 
Cells were analyzed with flow cytometer (BD Accuri).Fluorescent imaging was used to 
check the degree of detachment of P-selectin after flow experiment. For this purpose, we 
used 1% FITC BSA (Millipore Sigma) as a blocking agent. In order to measure the 
activation of cells, antibodies, anti CD69-FITC and CD11b-APC (all purchased from 
Biolegends Inc.) were used according to manufacturer’s manual. Samples were analyzed 
using BD Accuri flow cytometer. Expressions of CD69 and CD11b were compared for all 
the three cases of activation experiments.  
4.4.4 Cell stiffness measurement with atomic force microscopy 
We utilized atomic force microscopy to accurately verify the stiffness of cells. All 
cells were measured in suspended states after slight attachment to the surface. To measure 
cells in suspended state, a monolayer of poly-L-lysine (MW 300,000 Millipore Sigma) was 
grafted onto the glass slide substrate. This operation provided anchorage of the cell to the 
glass substrate while maintaining roundedness of morphology for cells and improved the 
cell stability during the AFM measurements. We carried out our AFM experiment 
immediately after the washing step and poly-L-lysine cell attachment treatment and all 
measurements were finished within 2 hours. We did not observe a change in measured 
stiffness during the course of these measurements. Measurements were conducted using a 
MFP-3D AFM (Asylum Research) attached to an inverted optical microscope (Nikon 
Eclipse Ti). A silicon nitride cantilever with a spring constant measured to be 37.1 pN/nm 
and a spherical tip was positioned above the center of individual cells before indentation. 




rate 177. The force-indentation curve was obtained for each measurement at a 40% strain 
and then analyzed with a Hertzian model for a spherical tip (Wavemetrics, IgorPro software 
routines) from which the Young’s modulus values were calculated. 
4.4.5  Fluid Flow Simulations 
Finite element simulations of fluid flow were performed using COMSOL 
Multiphysics software (COMSOL Inc., Burlington, MA). Simulations were performed for 
channel width of 560 µm and ridge inclination angles of 30 degrees. PDMS was selected 
as the material of interfacing structure. The flow profiles in the channel were obtained by 
solving the Navier-Stokes equations for incompressible fluid using Fluid-Structure 
Interaction physics. At the outlet, the pressure was set to zero with no viscous stress on the 
boundary. Due to low Reynolds number of the fluid, it was assumed that the suspended 
particles would follow the fluid streamlines. 
 
4.5 Results and discussion 
The sorting device shown in Figure 31A uses the flow of cells through a 
microchannel decorated with diagonal ridges and coated with P-selectin specific to PSGL-
1. The bottom glass surface of the microchannel was also coated with P-selectin. For 
negative control, flow experiments were conducted without P-selectin incubation of the 
device. First, we examined the behavior of the device with and without P selectin. Figure 




without (blue) P-selectin coating. The trajectories indicate that the adhesion force induced 
by ridges and P-selectin coated bottom glass surface on cells as they flow results in a net 
lateral displacement that distributes the cells at different y positions hence at different 
outlets based on the binding between P-selectin on device surface and PSGL-1 on cell 
surface. The cells flowing in the device without P-selectin follow the fluid streamlines, as 
no adhesion force is present in this case. The unique aspect of this sorting design is the use 
of optimized gap size Hg, defined as the distance between the ridge and bottom of the 
channel, to lightly squeeze the cells while flowing under the ridged part of the channel 
while offering a high surface area for specific interaction between the cells and ligand 






Figure 31 A) Adhesion based sorting device. The top figure shows sorting device 
consists of ridges and bottom surface of the device coated with cell adhesion 
molecules. The bottom enlarged figure under the ridge shows the device working 
mechanism. As the cell flows under the ridge it is slightly squeezed to increase the 
surface area between the cell ligand and the adhesion molecule on coated ridge to 
enhance adhesion sorting efficiency. B) Shows the trajectories of Jurkat cells flowing 
through the device with (black) and without (blue) P-selectin coating. The trajectories 
(black) indicate that the adhesion forces on cells when they flow under the ridge 
results in a net lateral displacement that distributes the cells at different y positions 
hence at different outlets based on the binding between P-selectin on device surface 
and PSGL-1 on cell surface. The cells flowing in the device without P-selectin follow 
the fluid streamlines, as no adhesion force is present in this case. 
Next, we examined the behavior of HL60 and Jurkat cell lines using the proposed 
device. The gap size was optimized so that it was large enough for biomechanical features, 




these flow experiments we used 9.3 µm gap size for Jurkat cell sorting as our lab has 
previously reported the optimized gap size for stiffness separation of Jurkat cells is 8 µm75. 
9.3 µm gap size is small enough to lightly squeeze Jurkat cells as they have 11 µm diameter. 
For HL60 cell study we used 10.3 µm as they are 12 µm in diameter. The ridges were 
designed to be  20 µm wide which is larger than the diameter of the cells used in this study 
and hence does not affect the device sorting efficiency49. P-selectin was used as a cell 
adhesion molecule which is a specific receptor for PSGL-1 (P-selectin glycoprotein ligand 
1) ligand found on surface of HL60 and Jurkat cells and  shows binding to P-selectin coated 
surfaces 49, 178. To characterize the sorting of different cell types by the device we examined 
cells after treating them with primary and secondary antibodies as described in methods 





Figure 32 A) Shows the flow cytometer data for HL60 cells collected at different 
outlets showing a peak shift in their mean fluorescent values only in the case when 
device is coated with  P-selectin and flow rate  is 0.045ml/min. The second and third 
top figures show the data with no P-selectin coated device (flow rate 0.045ml/min) and 
with coated P-selectin device but flow rate of 0.1ml/min. There is not any significant 
shift in the fluorescent peak values for the last two cases. B) Shows the mean 
fluorescent values at different outlets, C) shows the enrichment factor and D) shows 
the images of cells at outlets all for P-selectin coated device and 0.045ml/min flow rate 
case. 
We are able to separate HL60 and Jurkat cells based on its expression of PSGL-1 
ligand by using a single ridged channel coated with P-selectin. HL60 cells were flowed at 
0.045 and 0.1 ml/min of flow rates in the device with P-selectin incubation and at 0.045 
ml/min without P-selectin incubation. The flow cytometer data for outlets for the three 




adhesion based sorting, we conducted experiments at a higher flow rate of 0.1 ml/min. For 
higher rates, we see the adhesion dependence of outputs faces an upper limit of flow rate 
we do not see any sorting of cells as shown in flow cytometer data in Figure 32 A (right). 
We have observed a peak shift shown in Figure 32 A (middle) for the case of 0.045ml/min 
with P-selectin incubation. This suggests that at high flow rates there is not enough time 
for cells to adhere with the coated surface and are distrusted in three outlets evenly. There 
is also a lower limit of flow rate as the whole device is coated with P-selectin and flowing 
cells at slow flow rates results in adhesion of cells to top surface or side of the ridges and 
affecting sorting efficiency due to these nonspecific bindings (Figure 48). Figure 32 B 
shows the fluorescent mean values of collected sample at different outlets for 0.045ml/min 
flow rate with P-selectin incubation (two way ANOVA and Ad hoc Tukey tests on the 
collected data were run and found out there is a significant difference in fluorescent mean 
values of three outlets). The flow rate utilized of 0.045 ml/min was substantially higher 
than used in other microfluidic label-free adhesion based sorting. We demonstrate 3.8 and 
3.2-fold enrichment of PSGL-1 positive and negative HL60 cells respectively as shown in 
Figure 32 C. We have also used fluorescent microscopy to validate outlet characterization 
of our device as shown in Figure 32 D. The PSGL-1++ outlet in Figure 32 D shows more 





Figure 33 Trajectories with and without P-selectin incubated device at different flow 
rates and their Δy/ridge and velocity analysis based on data extracted from these 
trajectories. 
Figure 33 analyzes the trajectory of HL60 cells with and without P selectin 
functionalization and at increased flow rates. In Figure 33D, the data from trajectories are 
extracted to determine the lateral displacement of cell flows between two ridges, defined 
as Δy/ridge. The trajectories for un-coated devices show displacement only in negative y 
direction whereas the P-selectin coated device shows displacement with a range of values, 
either positive, negative or in the middle of the device. Analysis of trajectories of cells at 
high flow rate of 0.1 mL/min for P selectin coated device in Figures 33D and 33E shows 




y direction with 5.3 µm Δy /ridge and at much higher velocities as compared to 
0.045mL/min flow rate. This lack of enrichment at high flow rates (Figure 32A right) 
indicates hydrodynamic forces dominate adhesive forces, in part due to larger 
hydrodynamic forces and in part to in-sufficient time for cells to form adhesions with the 
coated surface. Therefore, low enrichment of cells based on adhesion is observed at a flow 
rate of 0.1 mL/min 
 
Figure 34 A) Force model explaining the direction of adhesion, elastic, secondary flow 
and resultant forces for cases without P-selectin coated ridges(top trajectory), with P-
selectin coated ridges (bottom two trajectories). B) CFD simulations C) Adhesion 
force vector extracted from experimental data (trajectories) for cells at three different 
positions inside the channel as marked A, B, C and D in Figure 33 A. The average 




The results in Figure 34 A shows the force model from our understanding of 
trajectories of cells (Figure 35), flowing through device with and without P-selectin. The 
adhesion force which is the only unknown is determined using vector addition .Cells 
propelled by fluid flow experience a secondary flow force (blue arrow) due to these 
diagonal ridges inside the microchannel and an elastic force 75, 179(green arrow). The 
direction of secondary flow is in positive y direction outside the ridge and in negative y 
direction under the ridge as shown in simulated data in Figure 34 B 75. Thermodynamically, 
the elastic force is associated with the gradient of system free energy due to cell elastic 
deformation and, therefore, is in the direction perpendicular to the ridge. The elastic force 
has opposite directions when a cell enters and leaves a constriction. We have first 
calculated the elastic force, which is perpendicular to the ridge by vector addition, and 
using the resultant force from the trajectory of cell entering the device with no P-selectin. 
The secondary flow force is determined using drag force equation or CFD simulations. 
Elastic force that primarily acts at point A and C was calculated by vector subtraction of 
resultant force from secondary flow force in uncoated device. Using this calculated elastic 
force, we determined the adhesion force for the P-selectin coated device. By examining the 
second and third trajectories of cells entering the coated ridge in Figure 35 B, cells are 
experiencing an adhesion force in the upward direction at point A and B and in downward 
direction at point C and D, resulting in either a net positive or negative y displacement. On 
the other hand, cells flowing through the uncoated channel are following the fluid flow 
streamlines. The force model in Figure 34 A explains the working mechanism of adhesion 




and third  trajectories, cells experiencing secondary flow force in negative y direction, 
adhesion force (black arrow) in positive y direction and very weak elastic force because of 
optimized  gap size ,perpendicular to the ridge ,the net resultant force (red arrow) will be 
in positive y direction. Same is the case at point B but with less adhesion force. Now, when 
the cell leaves the ridge, the adhesion force is acting in negative y direction and secondary 
flow force has started acting in more positive y direction, the resultant force will force the 
cell to move in positive y direction but due to coated bottom glass surface the cell which 
are expressing more PSGL-1 would adhere to the bottom surface and experienced a more 
adhesive force (point D) and would move in net negative direction. As the cell expresses 
more PSGL-1, hence stronger adhesion force, the trajectory of cell will have lesser Δ 
y/ridge in + y direction as shown in Figure 34 A, third trajectory (Δ y1/ridge < Δ y2/ridge 
in +y direction). Hence, cells with more PSGL-1 experience less net positive lateral 
displacement as compare to trajectories of cells with less Cells flowing through the device 
without P-selectin coated ridges will move with the fluid flow streamlines. Since cells in 
the stream are located near the bottom channel wall with weak elastic force and  no 
adhesion force they are transported by the circulating flow, created by ridges, in the 
negative transverse direction as shown in Figure 34 A top trajectory) and Figure 35 A and 





Figure 35 Adhesion force vector is determined from trajectories of cells from flow 






Figure 36 A ) Schematic explaining the adhesion mechanism using secondary flow 
field. As cells flow under the ridge, they bind to P-selectin.When they leave the ridges 
cells with more ligand expressed on their surface resist the secondary drag force and 
stay adhered to bottom of the channel and experience the flow in negative y direction 
(red arrow).On the other hand cells with less ligand detach from the surface and enter 
the stramline in positive y direction (green arrow). B ) Showing the cell trajectory in 
without P selectin coated device, C and D ) trajectories of cells with less and more 
PSGL-1 respectively with P selectin coated device and all are compared with 
streamline at the middle height of the gap size with z velocity set to zero. 
The working mechanism of device is explained in Figure36 A. As cells flow under 
the ridge, they bind to P-selectin and when leaving the ridges cells with more ligand 
expressed on their surface resist the secondary drag force and stay adhered to bottom of 
the channel and experience the flow in negative y direction (red arrow). On the other hand, 
cells with less ligand detach and pull away from the surface and enter the streamline in 




coated ridges move with the fluid flow streamlines. The trajectories of Jurkat cells are 
compared with COMSOL streamline at height equals to half of the gap size in xy-plane 
(Figure 36 B, C and D). Cells closely follow the simulated streamline in the case of a device 
with no P selectin. Since cells in the stream are located near the bot-tom channel wall with 
weak elastic force and no adhesion force, they are transported by the circulating flow, 
created by ridges, in the negative transverse direction as shown in Figure 4B. In the case 
of less PSGL-1 on the cell surface (Figure 36C), as a cell leaves the ridge it is pulled off 
and detached from the surface and follows the streamlines that moves up in y direction. On 
the other hand a cell with more PSGL-1 (Figure 36D) is attached to the surface once it 
enters the ridge and rolls nearly straight on the bottom glass sur-face as it leaves the ridge. 
Gap size optimization was also done using 14 and 9 µm gap sizes as shown in 
Figure 37 A and B.  After cell separation, we examined cell stiffness collected at three 
outlets as shown in Figure 37 C, which indicates that stiffness was not a determining factor 
in the cell sorting mechanism. Fluorescent imaging (Figure 38) of our device after the flow 
experiment verified that P-selectin was not removed after flow experiments. Therefore, P-






Figure 37 A and B) Shows the enrichment factors for PSGL-1 ++/PSGL-1 + and – 
Jurkat cells for gap size optimization of the adhesion based sorting device. As the gap 
size is changed from 9 to 14 µm, the device efficiency decreases as indicated by the 
enrichment factors. C) Young’s modulus of HL60 cells collected at different outlets 
measured using AFM and D) their size using ImageJ .The data suggests that the 





Figure 38 Images showing P-selectin coated device after flow experiment treated with 
FITC BSA for detecting non specific binding or in other words detachement of P-
selectin in bright field (left) and flouresecent (right) microscopy. 
We have also demonstrated 26 and 4.4-fold enrichment of PSGL-1 positive and 
negative Jurkat cells respectively s shown in Figure 39 A, B and C. We have also observed 
the fractionation of single cell line based on the ligand it expresses at such high flow rates 
with significant population enrichment as shown in Figure 39 D. The fractionation results 
show promising applications of this device in comparison with FACS that gives binary 
results for analog world. In addition, FACS is not suitable for rare cell sorting, as it requires 
a minimum sample size to accurately sort cells. Hence, this device offers unique capability 





Figure 39 A) Shows the flow cytometer data for Jurkat cells collected at different 
outlets showing a peak shift in their mean fluorescent values. B) Shows the 
enrichment factor for three outlet device and C) for five outlet device. 
We have conducted three sets of experiments in order to compare activation of cells 
due to PSGL-1 and P-selectin binding. CD69 which is an activation inducer molecule and 
classical marker CD11b are used to detect the activation of cells .Both markers are up-
regulated upon activation180.   In the first experiment we incubated Jurkat cells with P-
selectin for 24 hours at 37 degree C with 5% Carbon dioxide .In the second experiment we 
incubated Jurkat cells for 2 hours with P-selectin coated PDMS surface (PDMS surface 
was first activated by incubating it with P-selectin for 3 hours at room temperature) at 37 




after sorting through the proposed device. Expressions of CD69 and Mac-1 (CD11b) were 
compared for all the three experiments using flow cytometry. The results in Figure 40 
shows there is slight up regulation of activation markers after cells are incubated with P-
selectin for 24 hours but very significant change when removed from P-selectin coated 
surface. There is no change in expression of activation markers in case of cells collected 
after sorting. These results indicates no cell activation of sorted sample as  there is very 
short binding time between P-selectin and PSGL-1 while cells are flowing through the 
device and also association and dissociation is gentle enough  that it does not activate cells.  
 
Figure 40 A) CD 69 (Very early activation antigen) and B) CD11b markers are used 




incubated with P-selectin for 24 hours and cells incubated with P-selectin coated 
surface for 2 hr. There is a significant up regulation of activation markers after cells 
removed from P-selectin coated surface. There is no change in activation markers in 




We successfully separated Jurkat and HL60 cell lines based on their differential 
expression of PSGL-1 ligand by using a single ridged channel coated with P-selectin. We 
demonstrate 26-fold and 3.8-fold enrichment of PSGL-1 positive and 4.4-fold and 3.2-fold 
enrichment of PSGL-1 negative Jurkat and HL60 cells respectively. We have also 
demonstrated the enrichment of PSGL-1 positive Jurkat cells to 3-fold using a five outlet 
fractionation device. The cells flow with a rate of 0.2 m/s, which corresponds to 






CHAPTER 5. CONCLUSION AND FUTURE WORK 
In this study, we have developed a novel multimodal microfluidic device capable of 
improved purity of size-dependent separation of particles as well as molecule specific 
adhesion based cell sorting.  Intellectual contribution is summarized as follows: 
 High throughput cell/particle size based sorting microfluidics using vertical 
focusing in a ridged microchannel. 
 High throughput molecule specific adhesion based sorting and fractionation 
platform. 
 Three dimensional tracking of particles in micro flow platform using in and off 
focus diffraction 
In size based sorting, particles were placed at the optimal position in three-dimensional 
space to exaggerate the size-dependent trajectory differences. This is achieved by 
incorporating a unique aspect of sorting design by utilizing three-dimensional focusing of 
the sample to a position that optimizes the differential secondary flows. Using vertical 
focusing, we are able to separate 2 µm particles from 7 µm with a substantial improvement 
in enrichment of sorted number density in comparison to unfocused flow. We demonstrate 
8-fold increase of the purity of the larger particles (from 2.5 to 19.5–fold enrichment factor) 
and a 35–fold increase in the purity of smaller particles (from 3.4–fold to 117.8–fold). This 
is the first time that a device with 3D focusing has been reported to improve the purity of 




leukapheresis, which offers higher or comparable throughput with cutting edge techniques 
with high recovery and no pre or post processing of samples for analysis and isolation. The 
WBCs were removed at a depletion of 87 folds and at a high throughput of 0.1X10^8 cells 
/min with recovery of 73% .These results suggest that the proposed device can be used as 
a commercial leukapheresis with parallelization (Figure 41) as it offers high throughput, 
high depletion and recovery rate of WBCs with ease of batch fabrication and low cost. One 
concern is toxicity of PDMS that needs to be addressed. We also ran preliminary 
experiment to sort leukocytes from cord blood to be used in cheap production of CD 34 + 
and CD 11b +cells that can be differentiated into endothelial cells to treat Krabbe 
diseases181 Figure 42.   The proposed technology can further be improved for higher purity 
enrichment of particles by modifying channel geometry and gap size103. It can also be 
integrated with separation techniques using different biomarkers like stiffness and 
viscoelastic deformation.75, 104  Our device is simple with small foot prints, cheap, offers 
clog free or self-cleaning platform with high throughput and enrichment. The proposed z-
focusing approach can be extended to separate nanoparticles by using smaller gap size and 





Figure 41 Parallelization of proposed device. 
 




We have also demonstrated that sorting device is capable of high throughput 
separation of cells by differences in specific cell adhesion.  As a proof of principle of the 
method, we have separated Jurkat and HL60 cell lines based on their differential expression 
of PSGL-1 ligand by using a single ridged channel coated with P-selectin. We demonstrate 
26-fold and 3.8-fold enrichment of PSGL-1 positive and 4.4-fold and 3.2-fold enrichment 
of PSGL-1 negative Jurkat and HL60 cells respectively. We have also demonstrated the 
enrichment of PSGL-1 positive Jurkat cells to 3-fold using a five outlet fractionation 
device. We demonstrated separation of a single cell type into subpopulations of cells that 
are highly adhesive, moderate adhesive, and low adhesive. Such an approach may find use 
in downstream analysis and selection of cells for a highly expressed adhesive phenotype.  
There is no dependence on stiffness, size and charge of cells. Single input with self-
focusing to reduce reagent use and improve ease of use has been successfully employed in 
this work. Device self-cleaning capability allows less interrupted fluid flow and that 
prevents compromising the flow with clogging.  
Adhesion based sorting can produce signal changes in the cells. Beads used for 
binding and pulling down cells can activate them so is the high shear release of captured 
cells182. Studies have also indicated that engagement of selectin ligands on leucocytes 
directly transduces signals183. For example, interactions of PSGL-1 with immobilized P-
selectin rapidly induce tyrosine phosphorylation of multiple proteins 184.However, the data 
presented shows that increase in tyrosine phosphorylation is observed at least 2 minutes 
after P selectin and PSGL-1 binding. Our device provide another application where cell 




receptor and ligand. Unlike  MACS and  panning, the separation can quantify the amount 
of surface antigen on a cell and also eliminate the limitation posed by  the choice of 
antibodies is limited within a pool of commercially available antibodies, which in turn 
limits the separation targets to those cells with specific markers105. This is the first study 
that shows fractionation of single cell line based on ligand expression with high flow 
processing rates for significant adhesive cellular enrichment.  One of the potential 
applications for fractionation of single cell line is sorting T cells based on the density of 
CD20 required to activate T cells expressing a CD20-specific CAR (chimeric Ag receptor). 
Potential targets for CAR-based therapies are cell surface antigens expressed at higher 
densities on cancer cells, and these densities typically vary from one target to another. A 
recent study investigated the density of CD20 required to activate T cells expressing a 
CD20-specific CAR 185.Using cell lines that expressed CD20 at various densities (very low 
to high, approximately 200–200 000 molecules/cell), can be removed using the proposed 
device instead of the CAR-CD20 T cells mediated lysis of cells expressing the lowest 
detectable level of CD20. 
 Further, work can be done using the device to sort CTCs and multiple biological 
cells to sort simultaneously with high throughput. The proposed device also offers direct 
measurement of transient nature interaction between important physiological ligands and 
interacting cells. It can be used as a tool to monitor stem cell differentiation 186 .It also has 
potential applications in measuring degree of changes in adhesion signature of cancer 




The ligand based sorting also has potential applications in understanding the role 
of PSGL-1 in T cell immune response and developing effective therapeutics. Activated 
platelets can interact with lung cancer cells through PSGL-1. Inhibiting platelet activation 
and/or down-regulating PSGL-1 expression may be useful for suppression of tumor 
metastasis 96. Clinical trial can be run based on the sorted T cells with our device. 
The availability of a number of cell adhesion molecules which are tied to important 
physiological phenomena has made this a rich topic with many possible avenues of 
investigation. Identifying and collecting cells that express desired molecular surface 
markers will thus benefit a variety of cell therapy and medical diagnostics .For example  
bacterial adhesion molecules90, selectins involved in homing of circulating cells91, and 
MHC-II molecules on antigen towards the T-cell receptor92 can be used for molecule 
specific sorting. However, understanding these interactions and eventually building up a 







APPENDIX A  
A.1 3D Particle tracking MATLAB code 
% using polyparticle tracking free ware track x and y coordinates and load them into 
workspace 
% following function will determine the height of the particle  
Function[Z]=Height(x,y,frame_in,frame_out,file,reference)  
% x and y are coordinates tracked by 2D tracking software 
% frame_in and frame_out are start and end number values of frames from the video to be 
analyzed 
%file is the name of video with type. Example Video.avi 













i2=imcrop(a,[x(i)-20 y(i)-21 40 42]);% cropping image of particle  
b=imread(‘reference’); 
c = normxcorr2(i2(:,:,1),b(:,:,1)); 
[max_c, imax] = max(abs(c(:))); 




% The Z value is then compared with the calibrated Z values 
Z=xpeak; 
for(i=1:1:l) 
       if (Z(i)>=113)&(Z(i)<205),Z(i)=0; 
        elseif (Z(i)>=205)&(Z(i)<289),Z(i)=0.5; 
         
        elseif (Z(i)>=289)&(Z(i)<373), Z(i)=1; 
        
        elseif (Z(i)>=373)&(Z(i)<455),Z(i)=1.5; 
         
        elseif (Z(i)>=455)&(Z(i)<541),Z(i)=2; 
         
        elseif (Z(i)>=541)&(Z(i)<617),Z(i)=2.5; 
         
        elseif (Z(i)>=617)&(Z(i)<699),Z(i)=3; 
           
    else Z(i)=Z(i-1); 
    end 
    i=i+1; 
end 
In order to interpolate between multiple images, all the images should be the same 




wrote a program that requires a set of images whose center is located inside the particle, 
and output a set of images of the same size with the center of the particle located at the 
center of each image. The program locates 3 points at the circumference of the circle ((x1, 
y1) , (x2 , y2), (x3 , y3))and then uses the following set of equations to locate the center of 
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After obtaining the centralized images, we created a loop that creates a function for 
each pixel in the image, and interpolates the value of that pixel for the given depths. The 
code used to achieve this is shown below. This results in a set of interpolated images at the 
desired depths. 




NumOfInputImgs = length(Depths); 
for index = [1:NumOfInputImgs] 
Images{index} = double(imread(ImageNames{index})); 
end 
[ImageX ImageY ~] = size(Images{1});  
for ImgDepth = outputDepths 
OutputImage = zeros(ImageX, ImageY, 3); 
for colour = [1:3] 
for i = [1:ImageX] 
for j = [1:ImageY] 
Yvals = zeros(1,NumOfInputImgs); 
for index = [1:NumOfInputImgs] 
Yvals(index) = Images{index}(i,j,colour); 
end 














Figure 43 Tracked trajectories without and with interpolation .The resolution of 









A.2 A mathematical model for predicting the height of hydrodynamically focused 
streams in a rectangular microchannel 
The three dimensional hydrodynamic focusing was implemented in a similar 
manner previously described189. The model for predicting the height of 2 D 
hydrodynamically focused streams in a rectangular microchannel is given in                                          
Figure 44 and derived as described previously190. Following assumptions are made: (i) 
Flow in the microchannel is steady and laminar. (ii) Fluids are Newtonian. (iii) Fluid has 
the same density in the inlet, sheath and outlet channel. 
 
                                         Figure 44 Schematic of mathematical model. 
According to the principle of mass conservation, the amount of fluid passing 
through the inlet channel must equal to the amount of fluid passing through the dimension 










H is the height and W is the width of the channel, 𝐻𝑓 is hydrodynamically focused 
stream and 𝑄𝑖and 𝑄𝑠 are volumetric flow rates of the sample and sheath channel inlets. The 
total amount of fluid passing through the outlet channel must equal the total amount of 







 Therefore, the relationship between the height of the hydrodynamically focused 









where the velocity ratio γ = ͞𝜗𝑓/ ͞𝜗𝑜 is to be found. ͞𝜗𝑓 and ͞𝜗𝑜 are the average flow 
velocities in the focused stream and the outlet channel, respectively. The Reynolds number 
is generally very small in microfluidic devices. Since viscous effects dominate in low 




the flow in the outlet channel can be assumed to be fully developed. Hence, the basic 












= 𝑐𝑜𝑛𝑠𝑡                                                               (11) 
 
 
where u(y, z), dp/dx and μ are the stream wise velocity, pressure gradient and fluid 
viscosity in the outlet channel, respectively. Imposing the no-slip condition on the channel 
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Equation 12 is the well-known Poiseuille velocity profile for flow through a 
rectangular channel. Integrating equation 12 along the y-direction, the stream wise average 



































 The average velocities in the outlet channel, ͞𝜗𝑜, and the focused stream, ͞𝜗𝑓, can be 
obtained from equation 10. The velocity ratio, γ, is then given by 
 


























 Equation 14 reveals that γ is dependent on the aspect ratio. When aspect ratio ε 
=𝐻/W→ 0, a parabolic velocity profile is formed across the channel height and is 
independent of the position across the channel width (i.e. the velocity profile is ‘plug-like’ 
across the channel width). Under such conditions, γ = 1.0.191 From this mathematical model 
we found a range of flow rate ratios that positioned particles in a consistent z position range 





Figure 45 Centrifugation flow cytometry data. The buffy coat extracted from 
centrifuged blood sample shows mixture of erythrocytes and platelets along with 
leukocytes. Leukocytes are enriched by 54 –fold which is substantially less as compare 




A.3. Activation study 
In this section we determined the activation of T cells in our study using model 





The ligand receptor interaction results in biochemical reactions which may or may 
not result in final product or positive activation signal. The positive or negative signaling 
depends on the association and dissociation rates of these interactions. The model in                                                      
Figure 46 calculates these negative and positive signals based on association and 
dissociation constants and determine if the cells are activated or not. 
 
 
                                                     Figure 46 Schematic of kinetic model. 
The kinetic model has assumed density of ligands (L) is small as compared to 
receptors(R). In a steady-state condition, ligand L binds to and dissociates from the receptor 
(R) 
 
𝐿 + 𝑅 
𝐾𝑜𝑛[𝑅]/𝐾𝑑
↔       𝐿𝑅 (15) 








At this point, one of two events is possible. The receptor may be modified further, 
producing a second product LRP2 or the ligand dissociates. 
 𝐿𝑅𝑃1 
𝐾2
→  𝐿𝑅𝑃2  (17) 
 𝐿𝑅𝑃1 
𝐾𝑑
→  𝑅𝑃1 + 𝐿    (18) 
In this simple model, the modified receptor RP1 leads to a negative (incomplete) 
signal, whereas the modified receptor RP2 leads to a positive (complete) signal. Positive 
and negative signals are related to three factors: the number of binding events per ligand 
per time (B’), the fraction of ligand-bound T-cell receptor that reacts to form LRP1 (f’), 
and the fraction of LRP1 that reacts to form LRP2 (p’) versus the fraction of LRP, that fails 
to react prior to ligand dissociation (q’). The number of binding events is based on a steady 
state approximation of the serial engagement model 193.Quantitatively B’ = 1/(D’ + 1/Kd), 
where D’ = 1/(Kon receptor concentration),f’ = k1/(K1 + Kd), p’ = K2/(K2 + Kd), and q’ 
= 1 – p’ = Kd/(K2 + Kd). The fraction of binding events leading to LRP2 is f’.p’ and the 
fraction of binding events leading to LRP1 but not LRP2 is f’.q’. Positive and negative 
signals per ligand per time are P = B’.f’p’ and Q = B’f’q’ respectively. K1=10, K2=1 and 
Ton= 4400K. The dissociation constant (off-rate) varies over three orders of magnitude 
from 0.02 /s under zero force up to 15 /s under external applied forces for P-selectin /PsGL-
1 interaction 194.The results                         Figure 47 indicate that positive signal dose not 





                        Figure 47  Positive signal plotted as a function of dissociation constant. 






Where 𝐹𝐷 is the fluid drag force which is the secondary flow force and  𝑓𝑐 is the critical 
force per potential bond to resist the drag force. 𝑓𝑐 is the adhesion force at each point. The 
bond density at points A,B,C and D are also calculated using equation 196 where bonds are 
considered to spring like in nature. 
 𝐹𝐴 = 𝐾 𝑁𝑟𝑋𝑑 (20) 
Where 𝐹𝐴 is the adhesion force, K is the transient spring constant for P-selectin /PSGL-1 
binding (0.00048 N/m 196)  and 𝑋𝑑is the total lateral distance before the bond dissociation 




equations .Now if we calculate the bond density with modification of  𝑋𝑑 = 𝛽′ − λ′ , where 
𝛽′ is the stretched bond length and λ′ is the unstretched bond length and are equals to 79 
nm 197 and 10nm 196 for P-selectin /PSGL-1 bond. We found that  𝑁𝑟 has a value which is 
100 times higher. This is due to the fact that  𝛽′ 𝑎𝑛𝑑 λ′ used are measured using AFM and 
adhesion force is much lower for these experiments. 
Table 5 Bond density 
 𝑵𝒓(𝑬𝒒. 𝟏𝟗) 𝑵𝒓(𝑬𝒒. 𝟐𝟎) 𝑵𝒓(𝑿𝒅 = 𝞫
′ − 𝞴′) 
A 1.856 2.105 288 
B 2.187 2.4 252 
C 2.395 1.7 228 







Figure 48 Flow cytometry results for Jurkat cells flowing at a flow rate of 4.5 µl/min 
through P-selectin coated device. Expression level of PSGL-1 of cells is plotted in 
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